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CHAPTER 1. CENTRIFUGAL PUMPS 


This chapter sets forth a review of the selection 
and application of centrifugal pumps used with air 
conditioning and refrigeration systems 

There are two major categories of pumps: 

1 Positive displacement — reciprocating, rotary 
and screw.. 

2 Centrifugal — with a variety of impeller designs 
classified as plain (radial) flow, mixed flow and 
axial flow, each within a volute casing; also 
turbine (diffuser) type pumps.. 

figure 1 illustrates the two types of centrifugal 
pumps as well as the four basic types of impellers 
The plain impeller has single curvature vanes always 
curved backwards Wider impellers have vanes of 
double curvature with the suction ends twisted. 
These vanes are called mixed flow (Brands type) 
vanes The extreme mixed flow (minimum of radial 
element) and axial flow impellers have propeller 
type vanes While having axial flow, this class of 
pumps represents hydraulically an extreme in a con¬ 
tinuous series of centrifugal pumps 
It is the plain flow impeller centrifugal pump that 
is used most frequently in air conditioning and 
refrigeration They are used to move chilled, warm, 
hot and refrigerant condensing water, steam con¬ 
densate, brine, lubricant oil or refrigerant.. 

A centrifugal pump is distinguished by a continu¬ 
ous steady flow and characteristic performance curves 
with a smooth rising head and falling power from 
maximum capacity to shutoff (Fig.. 2) The pump 
presents an easy load for a driver. The star ting torque 
is small and operating load is constant. As a rule a 
constant speed squirrel-cage induction electric motor 
(NEMA Design B) with normal starting torque 
(Chapter 2) is applicable to drive the pump although 
steam turbines, gasoline or steam engine, and belt 
and motor drives may also be used. 

The centrifugal pump is rated on the basis of 
capacity, i e volume of liquid per unit time or gallons 


per minute, gpm (1 cu ft/min = 7 48 gpm), against 
a head, i.e. feet of water required by the fluid trans¬ 
mission system, and the energy required at a given 
speed 

There are two types of liquid circuits, open and 
closed In the open system the pump moves a liquid 
from a source located above or below the pump but 
open to atmospheric pressure (Fig. 3a and 3b). A 
closed system is one in which the liquid circuit is not 
open to the atmosphere (Fig 3c and 3d) The most 
common application in air conditioning and refrig¬ 
eration systems is the closed water circuit. This is the 
major subject of the following text 

The rudiments of centrifugal pump behavior are 
found in the section on Centrifugal Pump Funda¬ 
mentals.. 

STANDARDS AND CODES 

Standards of the Hydraulic Institute (an organiza¬ 
tion of leading pump manufacturers) define the 
product, material, process and procedure in the de¬ 
sign and testing of any type of pump. 

Pump installation should conform to all local 
codes, rules and regulations. 

CENTRIFUGAL. PUMP 

The centrifugal pump has a unique distinction of 
simplicity in construction, yet critical in application.. 
There are two major elements in a centrifugal pump 
assembly — an impeller rotating on a shaft supported 
in a packed or mechanical seal and bearings, and a 
casing that is the impeller chamber (volute).. The 
impeller imparts the principal force to the liquid, 
and the volute guides the liquid from inlet to the 
outlet, at the same time converting the kinetic 
(velocity) energy into pressure..* 

*In a turbine type centrifugal pump the diffusers perform the 
major part of the energy conversion task 
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Fig. 1 — Ceniripugal Pump Casings and Impellers 


ADVANTAGES 

The centrifugal pump is favored because of the 
following characteristics: 

1 Simplicity of construction. 

2 Absence of valves and reciprocating parts. 

3. F e wer moving par ts. 

4 Absence of dose clearances, 

5 Minimum of power tr ansmission losses. 

6.. Steady, nonsurging flow. 


7 Operation at shutoff condition without exces¬ 
sive build-up in pressure.. 

8. Absence of contact between liquid pumped 

and lubricant.. 

\ 

9. Compactness; light in weight. 

10 Adaptability for direct connection to standard 
motors (major types of drive), 

11. Long life.. 

12. Ease of maintenance and minimum repair. 

13. Reasonable cost. 
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Tig. 2 — T ypical Performance, Plain Flow Vane 
Cenirifugal Pump 

There are two shortcomings in a centrifugal pump: 

1 It is not self-priming unless specially equipped 
with a priming device (or a foot valve). 

2 It is inefficient for capacities smaller than 10 
gpm at heads higher than SO feet. 

CLASSIFICATION AND DESIGNATION 

The manner of liquid flow within the impeller and 
the casing of centrifugal pumps has already been 
outlined. The plain radial flow impeller in a volute 
casing centrifugal pump is the one usually applied in 
air conditioning and refrigeration applications 

Impeller 

The impellers are constructed in three arrange¬ 
ments: 

1 Enclosed (vanes within an impeller shroud or 
side walls).. 

2 Semi-enclosed (vanes assembled with one side 
wall). 

3 Open (no side walls, casing serving as side 
walls). 

Suction 

The liquid approach into the pump may be either: 

1 Thru a single inlet with end suction to impeller.. 

2 Thru a single inlet with double suction, liquid 
flowing into the impeller along the shaft on two 
sides (Fig 4) 

Casing 

The volute casing (Fig, 5) may be split axially 
(horizontally, usually with double suction pumps), 
or radially (vertically, usually with single suction, 
end inlet pumps) .. 


Stages 

The single stage pump is one with a single im¬ 
peller; it may have a single or double suction If the 
required head is too high for a single impeller to 
develop, two or more single stage pumps may be used 
in series, or a set of impellers in series may be put 
into a single casing The latter assembly is designated 
a multi-stage pump 

Assembly 

With reference to the axis of rotation of the shaft, 
centrifugal pumps and drive arrangements are either 
horizontal or vertical (at times inclined)., Horizontal 
pumps are arranged either with end or side suction 
inlets; top and bottom suctions are also available.. 
Double suction pumps are usually built with side 
discharge nozzles (Fig. 5). 

The single suction pumps are usually made with 
the end suction inlet (also available in other arrange¬ 
ments) and a variety of discharge nozzle positions 
(Fig 6) The discharge nozzle is a size or two smaller 
than the suction Centrifugal pumps are often identi¬ 
fied by a number corresponding to the size of its dis¬ 
charge; however this does not define its capacity 
which must be stated concurrently.. 



Fig. 3 — Liquid Flow Systems 



Fig 4 — Impellers 





iigpgpg p 


Air Conditioning Company 








PARI 8. AUXILIARY EQUIPMENT 



8-4 




Pig.. 5 — Single and Double Suction 
Centrifugal Pumps 



Fig. 6 - Discharge Nozzle Arrangements, 
Single Suction Centrifugal Pump 


Rotation 

Pump rotation is determined when looking from 
the drive towar d the pump Thus str addling the drive 
of a horizontal pump or looking down at the motor 
end of a vertical pump, if the liquid is entering the 
suction on the r ight side (double suction) and moves 
clockwise within the casing towards the discharge, 
such a pump is designated as having clockwise rota¬ 
tion.. With the suction on the left side and the liquid 
moving within the casing in counterclockwise direc¬ 
tion, the pump is designated as having counterclock¬ 
wise rotation (Fig. 7).. 

Drive 

Motors are the major drivers used to supply energy 
to centrifugal pumps Of the single-phase motors the 
capacitor type are used for small pumps.. Of the 
multi-phase motors the standard squirrel-case induc¬ 
tion type (NEMA Design B) are the most popular'. 


Occasionally for reasons peculiar either to power' 
distribution regulations or to the customer's eco¬ 
nomic situation (Chapter 2) a pump may be driven 
either by a part-winding, wound rotor or synchron¬ 
ous motor. 

The smaller sizes of motor-driven pumps often 
come in close-coupled assemblies; the impeller is 
mounted on the projection of the motor shaft, The 
pump volute and the motor enclosures comprise one 
unit large pumps connect to drivers by a coupling. 

The availability of steam may suggest a turbine 
drive. A situation should not be overlooked where 
both the chilled and refrigerant condensing water 
pumps may be driven by a single thru-shaft turbine 
since both pumps are in operation simultaneously.. 
High speed (3500 rpm and above) pumps are par¬ 
ticularly adaptable for direct connection to turbines. 

In critical and emergency situations auxiliary 
drives may be provided; this is another means to 
diive a pump in case of failure of the regular drive. 

SUPPLEMENTARY COMPONENTS 

Several components supplementing the impeller 
shaft and casing are required to complete the cen¬ 
trifugal pump assembly and to provide various pro¬ 
tections and accommodations in order to: 



Pig. 7 — Rotation Designaiion, Centrifugal, Pump 
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1 Avoid destructive wear to either the total unit 
of- the impeller or 1 the casing; at the same time, 
provide close-running clearance between the 
lower pressure inlet and the higher pressure 
discharge region in the casing (wearing rings).. 

2. Prevent leakage outward or inward between the 
inside of the pump and the ambient outside 
(seal) The direction of leakage depends on 
whether the pressure within the pump casing is 
higher or lower than the ambient atmospheric 
pressure.. 

S. Support and align the rotating impeller shaft 
with the casing stationary (bearings) 

4. Connect the pump shaft to the driver shaft 
(coupling) unless the pump impeller is mount¬ 
ed on the extension of the driver shaft as in the 
end inlet, single suction pumps 

5.. Support the total pump-drive assembly (bed¬ 
plate) 

Wearing Rings 

To achieve the first protective provision the im¬ 
peller hub outer surface at the impeller eye and the 
adjacent casing surface are variously equipped with 
wearing rings (fig. 8). They are respectively the im¬ 
peller ring and casing ring. When necessary, only the 
rings are replaced, rather than the total impeller or 
total casing. A variety of designs and combinations 
of wearing rings and labyrinth arrangements are 
available, 

Shaft 

The shaft, a separate carefully designed entity, is 
treated in this text together with the impeller as a 
single rotating element. The standard shaft is pro¬ 
tected from wear, corrosion and erosion within a 
stationary support by a sleeve designed and fitted in 
many forms. This sleeve covers the shaft thru a stuff¬ 
ing box or a mechanical seal. Very small pumps are 
frequently built with special wear-resisting shafts to 
avoid the disadvantages of the diameter enlargement 
of the fitted shaft., 

Stuffing Box 

The second protective provision (against leakage 
between the inside of the pump casing and the am¬ 
bient atmosphere) is achieved either by a stuffing 
box (f ig.. 9) or by a mechanical seal. With the stuffing 
box the sealing between the rotating shaft or shaft 
sleeve and the stationary support is achieved by rings 
of specially lubricated materials such as asbestos or 
metal packing, held tight by .a gland, When the leak¬ 
age becomes more apparent, the gland is tightened 



Fig. 8 — Wearing Rings 

(within limits) The sealing, lubricating and cool¬ 
ing liquid is supplied either from the high pressure 
region of the casing or from external sources.. 

Mechanical Seal 

When handling expensive volatile or high temper¬ 
ature liquids at varying pressures or when attempt¬ 
ing to provide a truly positive seal, a single or double 
mechanical seal is provided The mechanical seal 
differs from the stuffing box with its packing by the 
orientation of the sealing The stuffing box packing 
seals axially along the shaft (fig. 9)\ the mechanical 
seal is formed by contact of two highly polished sur¬ 
faces of dissimilar materials set perpendicular to the 
shaft One spring-held inner surface is attached to 
the shaft, rotating with it; the outer surface is at¬ 
tached to the stationary part of the pump 
It is very important that there is a liquid film 
between the surfaces to provide lubrication and 
cooling Mechanical seals are available in numerous 
designs that are constantly improved and reduced in 
cost.. They require practically no maintenance 

The zero-leakage wet-winding or “canned” motor- 
pumps do not need a stuffing box or mechanical seals. 
They are leakless and sealless close-coupled motor- 
pump assemblies. 



Fig. 9 — Sieeve, Stuffing Box, Packing and Gland 


Jlix Conditioning Company 






8-6 


PART 8 AUXILIARY EQUIPMENT 


Bearings 

Bearings are points of shaft support serving to 
align the shaft. On double suction pumps the bear¬ 
ings are located on either side of the pump casing; 
the outer bearing is called the outboard, and the 
bearing between the pump and the driver is called 
the inboard. On single suction primps both bearings 
are between the pump and driver; the one nearest to 
the pump is called the inboard, and the one nearest 
the coupling or driver is called the outboard The 
bearings are either the sleeve type (minor usage) or 
the frictionless ball or roller type The ball bearings 
are used most frequently. Bearings are often de¬ 
signed to take up thrust resulting from various un¬ 
balanced forces exerted within the pump 

Couplings 

Except for close-coupled assemblies, pumps are 
usually connected to the drive thru a coupling There 
are two basic classes of couplings, rigid and flexible 
The rigid coupling does not permit axial or radial 
motion. It is a solid connection providing a continu¬ 
ous shaft The rigid coupling is used for vertical 
pumps. 

While transferring power from driver to pump, the 
flexible coupling allows a transverse adjustment for 
a very minor misalignment However the pump 
alignment must not be misused; it must be rigidly 
enforced.. Misalignment causes a whipping of the 
shaft; it adds to pump and driver bearing thrust and 
may result in excessive maintenance Misalignment 
must not be tolerated 

Flexible couplings are effective in providing also 
lateral adjustments (along the length of the shaft) 
for either or all of the following: thermal changes, 
hydraulic float, or shifting of the magnetic center of 
the motor. A variety of flexible couplings as well as 
adaptation combinations are available to resolve any 
particular requirement to accommodate either the 
behavior peculiarity or ease of maintenance. 

Bedplate 

The pump and drive assembly must have perfect 
alignment Close-coupled pumps are naturally assem¬ 
bled into balanced and aligned units. However 
pumps that are combinations of drive-coupling-pump 
units must be assembled either in the field or at the 
factory. Many pumps come preassembled and pre¬ 
aligned on a cast iron bedplate or structural steel 
support. These pump-on-bedplate assemblies are 
ready for bolting and dowling for level installation 
on a foundation. This does not mean that a factory- 
assembled pump-coupling-drive unit is inviolably 


perfect; accidents may happen in transit. Therefore, 
during installation the pump must be rechecked for 
alignment and level position. Cast iron bedplates are 
often equipped with a rim for containing and drain¬ 
ing the pump leakages. Otherwise, separate provi¬ 
sions must be made for collecting and disposing of 
leakage. 

MATERIALS 

Centrifugal pumps used in air conditioning and 
refrigeration are usually made of standard materials 
except in special instances of pumping sea water or 
corrosive or highly electrolitic brines. The pumps 
are built of special materials for 1 the case of strenu¬ 
ous hydraulic circumstances or for handling extreme¬ 
ly low temperature liquids; in the latter instance the 
strength and brittleness of standard materials should 
be examined For pumps used with high temperatm- 
water (HT W) up to 300-350 F, a standard cast ire., 
casing is applicable.. With either high temperatures 
(above 250 F) or low temperatures (below 50 F), 
the choice of materials for the impeller-shaft-supple¬ 
mentary components assembly becomes critical The 
materials must be chosen such that the thermal ex¬ 
pansion and contraction of these parts are equal. 

According to Hydraulic Institute terminology for 
a standard fitted pump the standard materials used 
are: cast iron casing, steel shaft, bronze impeller as 
well as wearing rings and shaft sleeve (when used) , 
A pump so constructed is termed bronze fitted. When 
all parts (casing, impeller, various rings, shaft) of 
the pump that come in contact with the liquid to be 
pumper* are made of bronze, such a pump is termed 
all bronze; in the case of all iron parts, the pump is 
termed all iron There are many varieties of material 
deviations to fit the specific needs., figure 10 shows 
the major parts of a bronze-fitted pump. 

There are two basic approaches in the selection of 
pump materials: 

1 If the engineer is thoroughly experienced for 
the given application, he dictates the specifica¬ 
tions. 

2 If the manufacturer has wide experience in 
selecting the appropriate materials, then the 
engineer furnishes the manufacturer compre¬ 
hensive data on the liquid pumped, including 
the operating temperature, the physical char¬ 
acteristics at this temperature and any peculiari¬ 
ties of the operation 

♦Bearings, bearing housings and other parts of the pump 
external to the liquid passage are not in contact with the liquid 
pumped, and are made of appropriate industry standard 
materials 
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Fig 10 — Major Paris of a Pump 


CENTRIFUGAL PUMP FUNDAMENTALS 

Having covered the mechanical aspects of the 
centrifugal pump and before considering it as part 
of the liquid circulating system, a discussion of pump 
behavior is presented.. 

BASIC THEORY 

The rotating impeller impaits to a fluid a cen¬ 
trifugal force, kinetic energy in the form of velocity 
The volute converts about 50 percent of the kinetic 
energy into the pressure head, potential energy meas¬ 
ured in feet of fluid handled. As the fluid flows thru 
the impeller vanes, a reduced pressure zone is created 
at the inlet to the vanes.. The atmospheric or system 
pressure and the static head of the fluid as available 
act on the pump suction inlet and force the liquid 
into the pump This pressure at the pump suction 
plus the pressure developed by the rotating impeller 
in the volute produces the flow of the liquid. This is 
fundamental to the application of the centrifugal 
pump 

NET POSITIVE SUCTION HEAD 

If the pumping is limited only to that normally 


applied in the air conditioning cold water closed 
circuit systems, there is no need to be concer ned with 
sufficiency of the suction pressure to force the liquid 
into the pump suction However, the various liquids 
at any given temperature have a definite saturation 
pressure at which they turn to vapor.. In the field of 
air conditioning and refrigeration situations exist to 
handle water, brines and refrigerants at any tempera¬ 
ture and pressure level. It is the problem of the pro¬ 
cess and pump application engineer to be sure that 
under any set of circumstances there is sufficient pres¬ 
sure on the liquid fed to the pump to prevent the 
liquid from flashing into vapor. 

Between the pump suction nozzle and the mini¬ 
mum pr essure point within the pump impeller, there 
exists in addition to the suction velocity head a pres¬ 
sure drop This pressure drop is due to velocity accel¬ 
eration, friction and turbulence losses The suction 
head (feet of liquid absolute) determined at the suc¬ 
tion nozzle and referred to a datum line less the 
vapor pressure of the liquid (feet absolute) is called 
the net positive suction head or NPSH The suction 
head necessary to keep liquid flowing into the pump 
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and to overcome the pump internal pressure losses is 
the required NPSH of the pump 

The required NPSH of a pump is part of the 
standard design performance data furnished by the 
manufacturer or of a design specific to a given pro¬ 
cess pump 

The net positive suction head (pressure in feet of 
liquid) of the process liquid system as it exists within 
the system complex at the entering (suction) side of 
the pump is called the available NPSH It must be 
at least equal to or greater than the required NPSH 
in order to produce a flow thru a pump. A safety 
factor should be considered to cover a possible excess 
of required NPSH. 

The available NPSH is the algebraic sum deter¬ 
mined by the formula: 


Available NPSH = — - 1 ' Pm -^ + H, - H, 

spgr 

where: 

NPSH = net positive suction head (absolute pressure, ft) 

2 31 = conversion factor to change one pound pressure at 

a specific gravity of 1 0 to pressure head in feet of 
water (1 inch Hg = 1 134 ft of water).. 

P a = atmospheric pressure (absolute pressure, psia) in 
an open system; or pressure (absolute psia) with¬ 
in a totally closed system 

P VI , — vapor pressure (psia) of the fluid at pumping 
temperature; in a totally closed system it is part of 
the total pressure P a . 

H, = elevation head, static head (ft) above or below the 
pump center line If above, positive static head; if 
below, negative static head, sometimes termed 
suction lift * 

H, = friction head (ft) on the suction side of the system 
including piping, fittings, valves, heat exchangers 
at the design velocity ( V, in ft per sec) within 
suction system 

sp gi = specific gravity of liquid handled at operating 
temperature (Jig 14) 

Figures 11 and 12 illustrate the application of the 
calculation of available NPSH to the variety of open 
and closed circuits Three additional terms are intro¬ 
duced in these figures; 

H vp = vapor pressure (ft) of the fluid at pumping tempera¬ 
ture. 

H t = entrance head (ft), suction pipe entrance loss in 
open systems 

Hv, e = pump suction eye velocity head (ft), (V,.) 2 /2g 
This term is usually very small as shown in the 
following tabulation; 


Velocity (ft/sec) 

3 

4 

5 

6 

7 

Velocity head (ft) 

14 

25 

39 

.56 

.76 

Velocity (ft/sec) 

8 

9 

10 

II 

12 

Velocity head (ft) 

99 

1 26 

155 

1.88 

2 23 
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Fig 13 — Effeci of Aliiiude on Aimospheric 
Pressure 

A pressure selected to be maintained above atmos¬ 
pheric pressure in the top circuit of a closed piping 
system determines the design H (eaj>ans i 6ntanks) pres¬ 
sure (Pig.. 12). 

On examining Pig 11 and 12, it is evident that the 
available NPSH may vary, especially with critical 
fluids. The variables that may be either fixed or 
adjusted are: 

1 Altitude of the system location above or below 
sea level; Pig. 13 shows the change of atmos¬ 
pheric pressure (feet of cold water) with the 
altitude The greater the altitude, the lower is 
the available atmospheric pressure ( P a in psia 
or H a in ft) which influences an open system 
The totally closed system pressure P a may be 
regulated 

2 Vapor pressure of the liquid (Pig 14) pumped 
at operating temperature P vp (psia) orH vp (ft); 
Figure 14 shows the vapor pressure of water at 
various temperatures This pressure may or may 
not be adjusted. 

3 Friction losses of the pump suction piping sys¬ 
tem; the larger the pipe, the less are the friction 
losses H f (ft) for- a given fluid flow 

*It must be remembered that a pump does not lift the liquid 
it moves; a pump must have pressure to produce the flow 
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— Properties ot Water at Various Temperatures 
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4. Elevation of the souice of liquid static head H a 
(ft, positive oi negative); pump location may 
be alteied to increase or reduce static head.. 
There are limitations to the negative head 
(suction lift) . 

SUCTION LIFT 

The suction lift of open systems is not too frequent 
a factor in the design of air conditioning and refrig¬ 
eration systems.. Basically a pump does not lift; to 
operate, it must have pressure at its suction.. Thus 
the maximum lift is determined by the required 
NPSH and limited by the available NPSH pressure. 

The atmospheric pressure at sea level is 33 9 feet 
of water For cold water at normal temperatures H vp 
equals approximately one foot; therefore the gross 
suction pressure may be considered as 33 feet Based 
on an operating rule that available NPSH should at 
least equal the required NPSH, normal suction lift 
should be limited The limitation is the amount of 
available NPSH remaining after deducting from the 
gross suction pressure the H e , H, and the required 
NPSH (fig lib) of the pump plus a safety factor, to 
allow for possible vagaries and to prevent appearance 
of cavitation and consequent vibration of the pump. 
There must be pressure at the suction for the pump 
to do normal work 

To quote from paragraph B-44 of the Hydraulic 
Institute Standards, “Among the more important 
factors affecting the operation of a centrifugal pump 
are the suction conditions Abnormally high suction 
lifts (low NPSH) beyond the suction rating of the 
pump usually cause serious reductions in capacity 
and efficiency, often leading to serious trouble from 
vibration and cavitation ” 

SPECIFIC SPEED 

Paragraph B-45 of the Hydraulic Institute Stand¬ 
ards states: “The effect of suction lift on a centrif- 
ugal pump is related to its head, capacity and speed 
The relation of these factors for design purposes is 
expressed by an index number known as the specific 
speed.” 

This number is used by pump designers to arrive 
at an optimum efficiency, expressed as follows: 

Specific speed N s = X rpm 

where: 

H = head (ft) * based on the maximum diameter impeller 
at the design capacity 
gpm = capacity at best efficiency. 

rpm = mechanical speed at which the gpm and head are 
obtained 

*In case of a multi-stage pump head of each stage. 


The specific speed may be defined as the rpm at 
which a pump of a particular design would have to 
operate to deliver one gpm against a head of one 
foot Specific speed is an index to the type of impeller 
(Tig. 1). The lower the specific speed, the more the 
blades of the impeller are of an arrangement to de¬ 
liver a strictly radial flow; the higher the delivery 
head, the smaller the required NPSH.. Excessive 
reduction in required NPSH may lead to cavitation. 
The radial flow impellers afford more regulated flow 
thru the impeller vanes.. 

CAVITATION 

The lack of available NPSH shows up particularly 
in pump cavitation If the pressure at any point in¬ 
side the pump falls below the operating vapor pres¬ 
sure of the fluid, the fluid flashes into a vapor and 
forms bubbles These bubbles are carried along in 
the fluid stream until they reach a region of higher 
pressure Within this region the bubbles collapse or 
implode with a tremendous shock on the adjacent 
surfaces Cavitation accompanied by low rumbling 
or sharp rattling noise and even vibration causes 
mechanical destruction in the form of pitting or 
erosion. 

Remedies to eliminate cavitation are apparent 
from the tabulation of variable elements in an eval¬ 
uation of available NPSH The first two factors are 
fixed; the system is installed at a definite altitude, 
and the temperature of the fluid is fixed by the proc¬ 
ess Therefore, only the two remaining adjustments 
can be made; decrease the friction loss and/or change 
the elevation of the pump to increase the static head 
Do not tamper with the pump suction inlet; do 
not request the pump manufacturer to enlarge the 
pump suction in order to decrease the required 
NPSH The pump efficiency falls off and the whole 
performance of the impeller is upset. 

VORTEX 

A whirling fluid forming an area of low pressure 
at the center of a circle is called a vortex.. This is 
caused by a pipe suction placed too close to the sur¬ 
face of the fluid. Such a vortex impairs the perform¬ 
ance of a pump and may cause a loss of pr ime. 

In the case of pump suction in a shallow water 
sump such a vortex may be prevented by placing a 
plate close to the intake at a distance of one-third 
diameter from the suction inlet.. The plate should 
extend 2i^ diameters in all directions from the center 
of the inlet. 
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Pig 15 — Desirable Head-Capaciiy Curve 


PERFORMANCE 

When a pump designer has established the specific 
speed of a pump, its capacity-head curve is then de¬ 
fined The pump operates on this curve (Fig 2 and 
22) unless some physical change is effected. 

Head-capacity curves should not droop at shutoff 
conditions; this leads to a surging operation when 
the flow is throttled into this range.. Neither should 
the curves be too flat The steepness in the pump 
head-capacity curve (Fig. 15) most desirable for an 
air conditioning and refrigeration application is 
shown by the solid line. 

The performance characteristics of a centrifugal 
pump as expressed by a head-capacity curve are in¬ 
fluenced in several ways: 

1 Variation in speed — proportionally raises or 
lowers the head and capacity. The whole head- 
capacity curve shifts up or down.. 

2.. Varying impeller diameter — varies the capacity 
and head proportionally, as in Item 1. 

3.. Varying impeller width — proportionally var¬ 
ies the capacity 

4 Varying the pitch and number of vanes within 
the impeller changes the shape of the head- 
capacity curve Spoke-like vanes oz more vanes 
usually produce a fiat curve 

5. Varying impeller and vane designs produce 
variations in head-capacity relationships. Nar¬ 
row impellers with larger impeller-to-eye diam¬ 
eter ratios develop larger heads. The wide im¬ 
pellers with low diameter ratios are used for 
large flows at low heads.. 

The changes in speed and impeller diameters are 
reflected in pump performance as follows: 

rpnii impeller dia t _ gpm x _ / head t \ % _ / bhp x \ % 

rpm 2 impeller dia 2 ~ gpm, — ^ head 3 J ~ \ bhp a ) 


or 

Capacity varies directly, 

Head varies as the square, 

Bhp varies as the cube of speed or impeller diameter change 

The performance of a centrifugal pump is affected 
when handling viscous fluids. The effects are a 
marked increase in brake horsepower and decrease 
in head, capacity and efficiency (Fig. 16).. 

POWER AND EFFICIENCY 

In pump operation two power requirements may 
be evaluated, liquid power and actual power (brake 
horsepower that takes into account the pump effi¬ 
ciency) Liquid power is the product of the weight 
of the liquid pumped (gpm), pump head (ft), and 
the conversion factors. Brake horsepower is the 
actual power output of the driver, pump input, or 
liquid power divided by pump efficiency. Pump effi¬ 
ciency is the relation between the liquid (theo; 
cal) power and the actual mechanical power input 
(a greater amount due to machine losses) The effi¬ 
ciency is expressed as a decimal . This should not be 
confused with driver efficiency since the latter is the 
relation between the output of the driver and the 
energy input to produce the power to drive the pump 
and compensate for losses within the driver . 

Bhp = u - s - gP m X P um P H (ft) X sp gi 
" 3960 X percent pump eff 

where: 

3960 = 33,000 (ft lb) /8.33 (lb/gal water at 1 0 sp gr), used 
to convert to horsepower 
sp gi = specific gravity of liquid. 

Viscosity* of the liquid pumped affects the friction 
losses and therefore the pump horsepower require¬ 
ments 



Pig 16 — Influence of Viscosii y on 
Pump Performance 


^Viscosities and specific gravities for various brines at mean ,, 
brine temperatures are found in Part 4 Viscosities must be 
expressed in consistent units. 
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CENTRIFUGAL PUMP AND SYSTEM 

SYSTEM HEAD 

A flow of liquid within any system of piping in¬ 
cluding fittings, valves and heat exchangeis requires 
a system head consisting of a velocity head (usually 
insignificant) and friction head, and must overcome 
a static head Thus in any piping system the system 
head is the algebraic sum of the static head on the 
pump discharge minus the static head on the pump 
suction plus the friction losses thru the entire system 
of fluid flow. With an increase in flow the friction 
losses increase approximately as the square of the 
flow; when plotting head against capacity flow, a 
parabolic head curve is formed (Fig., 17). 

OPERATION IN A SYSTEM 

A given centrifugal pump operates along its own 
head-capacity curve At full capacity flow the oper¬ 
ating point falls at the crossing of the pump head- 
capacity curve and the system head curve (Point 1, 
Fig. 17). If the pump is throttled, the operating point 
moves up the head-capacity curve (Point 2); if it is 
desired to obtain greater flow to operate down the 
head-capacity curve (Point 3), the path of flow in the 
system must be eased to reduce the friction losses 
Otherwise the pump must be either speeded up or 
the impeller increased in diameter Then a new head- 
capacity curve is established (Point 4). The engineer 
must carefully analyze the system and select the 
pump from the manufacturer’s performance head- 
capacity curves 

If the system head is overestimated and the pump 
is selected with a high head-capacity curve, unfortu¬ 
nate results may follow. The pump will operate on 
its head-capacity curve to produce an increased flow 



Fig 17 — Crossover Point of Pump and Sysiem 
Curves 



Fig. 18 — Effect of Overesiimating Pump Head 


at decreased head and increased horsepower demand 
(Fig. 18) The system head should always be calcu¬ 
lated without undue safety factor extention or as 
close as practical to the true values to eliminate possi¬ 
ble waste of horsepower or possible overload of pump 
motor with an unvalved system 

The true evaluation of system head is specially 
important when designing a system with pumps in 
parallel or in series 

PARALLEL OPERATION 

The operation of pumps in parallel results in 
multiple capacity against a common head (Fig 19). 
This type of application is for a system requiring 
high capacity with a relatively low head or for varia¬ 
ble systems where a number of small pumps handle 
the load with one or more pumps shutting down as 
required. The pumps should have matched char¬ 
acteristics Drives should have ample power to avoid 
overloading when operated singly. 

SERIES OPERATION 

The operation of pumps in series results in multi¬ 
ple head with a common capacity (Fig. 20).. This 
type of application is for systems requiring a high 
head and a relatively low capacity. Careful consid¬ 
eration of fluid flow must be made to safeguard the 
booster pump. Normally a series flow is provided for' 
by a multi-stage pump, 

HIGH BUILDINGS 

The operation of pumps at the base of high build¬ 
ings requires an analysis of pr essur es on the discharge 
and suction sides of the pump The static head of 
the fluid in the piping system plus the head devel¬ 
oped in the pump may necessitate the use of 250 lb 
pipe and fittings and even a reinforced pump casing. 
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WORKING PRESSURE 

. Pump casing working pressure is the total head 
developed by the pump to overcome friction losses 
of the system plus the suction static head minus the 
friction losses in the pump suction line, from the 
junction of the expansion tank line to the pump sue 
tion.. The problem outlined in Fig. 21 and its solu¬ 
tion serve as an example, 
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Friction head H„ discharge line 
(from pump to expansion tank) 


Straight pipe = 

190 ft 

One y 3 enlargement = 

9 ft 

Six ells = 

60 ft 

Four gate valves = 

28 ft 

One globe valve = 

170 ft 

Discharge head total = 

457 ft X 2 35 ft H,/l 00 ft 


= 10.75 ft 


Pump system total friction losses H t 
Suction piping = 3 54 ft 
Discharge piping = 10 75 ft 
Heat exchanger = 20 00 ft 
Coil =12.00 ft 

Pump head total = 46 29 ft 

Pumps casing working pressure 
Static head = 80 00 ft 

less suction line H, = 3.54 

Subtotal = 76 46 ft 

Plus system H f = 46.29 ft 
Working pressure = 122 75 ft X 2 31 ft per psi 
= 53 1 psi 

Suction pressure gage reading 

Static head = 80 — 4 = 76,00 ft 

less H r of straight pipe* = 861ft 
3 ells = 30 ft 

1 gate valve = 7 ft 

86 + 30 + 7 = 123 ft “ 
less suction head = 123 ft X 2 35 ft H f /I00 ft 

= -2.89 ft 
Net =' 73.11ft 

Suction pressure = 73.11 ft/2 31 ft per psi = 31 7 psi" 
Discharge pressure gage reading 

Suction pressure gage plus pump system total H, 

= 73 11 + 4629 = 11940 ft 

Less H f of straight pipef = 16 ft 
1 enlargement = 9 ft 

3 ells = 30 ft 

16 + 9 + 30 = 55 ft —' 

Less discharge head = 55 ft X 2 35 ft H f / 100 ft = 

-1.29ft 
Net = 118.11 ft 

Discharge pressure = 118 .11 ft/2 31 (ft per psi) = 512 psi 
NOISE 

The centrifugal pump is inherently a lelatively 
quiet machine. However, in the case of a motor 
driven pump there are possible motor disturbances 
such as motor fan, bearings and magnetic noise 
(Chapter 2), in addition to the normal hydraulic and 
mechanical disturbances originating in the pump 
A fixed frequency vibration (rpm times the num¬ 
ber of blades divided by 60) may be set up by a pump 
using too large an impeller. Sometimes, to produce 
quiet operation a recommendation is made to use an 
impeller diameter 10-15% smaller than the largest 
size that will fit in a given pump casing. 

♦Distance between expansion tank and gage 
fDistance between gages. 


Oper ation of the pump under conditions of insuffi¬ 
cient NPSH must be avoided to preclude formation 
or aggravation of cavitation and noise. However' a 
small amount of cavitation in a condensate pump 
operation is permissible.. 

Well designed pumps operating at either 1750 or' 
3500 rpm rotative speed may be used. 

A pump frequency may coincide with a corre¬ 
sponding fr equency in the piping system or building 
structure; such telegraphing noise must be avoided. 

PUMP SELECTION 

Pumps are selected from manufacturer’s perform¬ 
ance curves (Fig 22). Most standard pumps are de¬ 
signed to operate at maximum efficiency about mid¬ 
way on the head-capacity curve Selecting a pump at 
the maximum efficiency point or slightly to the left 
materially assists in minimizing problems of noise 
and vibration A selection too far to the right of the 
efficiency point may lead to cavitation due to an in¬ 
crease in required NPSH 

Pump efficiency is not the only selection criterion; 
quiet operation, lowest first and operating costs and 
close conformance to actual needs are parallel objec¬ 
tives 

MOTOR SELECTION 

The horsepower of the motor selected to drive a 
given pump must be equal to or greater than the 
brake horsepower called for at the operating point 
of the head-capacity curve. There is always the 
danger of a pump running away from the selected 
operating point and overloading tHe motor In case 
of a nonoverloading pump-motor combination the 



Tig. 22 — Typical. Pump Selection Curves 
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selected motor horsepower is always larger than the 
required brake horsepower; a safety margin is pro¬ 
vided If the pump is fitted with a nonoverloading 
impeller, it may be possible to select a motor of 
smaller horsepower In either case the brake horse¬ 
power is the same, 

CENTRIFUGAL PUMP INSTALLATION 

INSTALLATION 

There are several aspects in the application of a 
centrifugal pump that are external to the pump 
itself, yet important in the installation 

The suction piping at the centrifugal pump must 
be designed with care to avoid possible malfunction¬ 
ing, The precautions to be taken (Part 3) are sum¬ 
marized: 

1. The suction line approach to the pump should 
be as straight as possible and all elbows should 
have large radii,. 

2. A straight section of pipe should be attached to 
the suction inlet to allow the fluid to straighten 
out before entering the pump; this is especially 
true of double suction pumps, 

3. The suction line should be one or two sizes 
larger than the pump inlet 

4. With an oversized suction line an eccentric re¬ 
ducer must be used, keeping the pipe flat on top. 

5. Suction line should be airtight, with no high 
spots where air or gases may separate out of the 
fluid. 

6. A check valve and a gate valve should be in¬ 
stalled at the pump discharges of a multi-pump 
system. These should be installed in the order 
named to enable the check valve to be serviced 
without draining the discharge line 

7. Both the suction and discharge pipe connec¬ 
tions must be supported separately and in such 
a way as to impose no strain on the pump 

8. The suction line for the pump operating with 
a negative static head (suction lift) should have 
no valves other than a foot valve The suction 
line should be large and as direct as possible 


INSULATION 

It is advisable not to insulate the pumps intended 
for chilled water (brine) service or hot water serv¬ 
ice.. The refrigerant condensing water pumps need 
not be insulated If a pump is insulated, the insula¬ 
tion should be applied in a form which permits dis¬ 
assembling of the pump for servicing without wreck¬ 
ing the insulation 

ISOLATION 

Cork is not an effective isolation material for rota¬ 
tive speeds below 2000 rpm. Rubber-in-shear or cor¬ 
rugated rubber is useful on the ground floor installa¬ 
tions In more critical installations, on floors above 
occupied areas (especially those of executive offices, 
board rooms, libraries, hospital areas) steel spring 
isolation is recommended for isolation effective s : 
approaching 100%.. The concrete foundation of one 
to two times the machinery weight serves as a damp¬ 
ening mass and must be of reinforced construction. 
Tor piping isolation refer to Part 3., 

FOUNDATION j 

Where requirements for isolation of a centrifugal j 
pump are at a minimum (basements, outdoors, any j 
remote location), a foundation is desirable to keep ; 
the pump off the floor or ground level,, 

j 

STARTING 

Unless the pump is self-priming, it must be primed ] 
before starting. j 

When starting the pump, the discharge valve is j 
usually closed, then gradually opened so as not to j 
run the risk of overloading the drive motor 

Tor more information there is a vast experience of : 
pump manufacturers recorded in their catalog and ; 
handbook data and in innumerable authoritative j 
articles written by engineers from these manufactur- ; 
ing concerns A classical book on pump design and j 
application is Centrifugal and Axial Plow Pumps, \ 
2nd edition, by A J. Stepanoff, 1957. 
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This chaptei presents the characteristics of various 
motors that drive the equipment normally applied in 
air conditioning and refrigeration systems, the func¬ 
tions of motor controllers, and a brief discussion of 
the behavior of electric energy to produce mechan¬ 
ical power.. 

EQUIPMENT SERVED 

The air conditioning and refrigeration systems 
include fans, pumps, and reciprocating, rotary and 
centrifugal compressors. To effect the transfer or 
compression of various liquids and gases such as air, 
water, brine or refrigerants, it is necessary to put 
this equipment into motion by prime movers, in this 
instance, electric motors. Apart from the factors 
(source of electric energy, speed, power) which are 
used in the selection of particular motor-starter 
combinations, a knowledge of the load torque char¬ 
acteristic for a particular driven equipment is the 
most fundamental requirement The operational 
torque characteristics include those required for 
starting from rest, acceleration, and for full load 
running The starting or locked rotor torque is the 
initial turning effort for bringing the driven equip¬ 
ment from standstill into motion; the acceleration 
torque is the developing of this motion into operat¬ 
ing speed in an alloted time.. The full load torque is 
the sustained effort by the motor to maintain the 
driven equipment in motion under the work load 
The driven equipment torque requirements must be 
matched with a drive complex (motor and its con¬ 
trol) of the proper torque and current character¬ 
istics.. 

NORMAL OR HIGH TORQUE MOTORS 

With the exception of the reciprocating and rotary 
compressors, the equipment considered is of the 
centrifugal type (fans, refrigeration compressors, 
pumps) operating at starting within a system of high 
and low sides that are equalized. Ordinarily no 
specific requirement of starting torque other than 
normal is needed. At times with large centrifugal 
■compressors or fans there exists a pull-up torque 
problem because of the large rotational inertia 


(Wk 2 )* of the massive impellers or wheels The 
pull-up minimum torque must exceed Wk 2 A possi¬ 
ble problem may exist when small equipment is 
driven by an oversized motor with overpowering 
torque; this equipment may be damaged because of 
excessive acceleration or torque applied. 

The duration of acceleration to full speed at frill 
voltage is usually 1 to 3 seconds. With open centrif¬ 
ugal compressors using a standard integral oil pump, 
it should be at least 8 seconds, permitting oil to reach 
all the lubricated surfaces before high speed is devel¬ 
oped. When an auxiliary oil pump is used, it should 
be at least 5 seconds to prevent excessive stress con¬ 
centration on the keyway of the compressor' shaft 
The present methods of starting the larger recipro¬ 
cating compressors with cylinders either fully or par¬ 
tially unloaded permit the use of normal starting 
torque motors. The smaller, hermetically driven 
compressors are started fully loaded with a require¬ 
ment of high starting torque. 

The application of rotary compressors as low pres¬ 
sure differential boosters in a refrigeration system 
does not present any unusual requirement of star ting 
torque; therefore, a normal starting torque motor is 
applicable 

Centrifugal, propeller or axial fans may be either 
belt or direct connected to electric motor drives. In 
all cases the torque requirements are normal The 
fans should star t smoothly and without undue noise 
The fan cfm is directly proportional to speed; the 
system resistance varies as the square of speed; and 
the horsepower required varies as the cube of speed.. 

Because the gas density at the suction of a centr if¬ 
ugal compressor usually increases during shutdown, 
the torque requirements of centrifugal compressors 
do not necessarily follow the fan laws Normal torque 
motors are usually used for driving centrifugal com¬ 
pressors; however, they must be started either .with 
an almost completely closed suction damper or pre¬ 
rotation guide vanes to prevent the increased gas 
density from imposing an excessive overload at full 
speed ■ r; 

*In this expression W — weight of the body; k = radius of ; 
gyration ... rS. 
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FULL LOAD TORQUE 


lin 


Pig 23 — Torque Characieristics 


MOTORS OF MATCHING CHARACTERISTICS 


Figure 23 illustrates typical torque requirements 
of fans, pumps, and reciprocating and centrifugal 
compressors. Pumps usually have a check valve in 
the discharge; therefore, the break exists in the 
torque requirement curve There is a decided differ¬ 
ence in torque requirements of reciprocating com¬ 
pressors, whether they are started with cylinders 
loaded or unloaded The breakaway and accelera¬ 
tion torques shown for centrifugal compressors are 
determined by the friction and the Wk 2 


The energy necessary to operate motors is avail 
able in two services; (1) direct current (d-c), uni 
directional and at constant pressure, and (2) alter 
nating current (a-c), alternating in pressure anc 
direction. Since direct current is used infrequentl 
except in certain industrial processes, special pur 
poses, or in some remote communities, this text con 
centrates only on a-c electrical equipment.. 
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High to normal 


Lowto normals-, i-i^Mosf ',widely used ^for--''constant 


Ssf&gSPR!jlstWnjrjfl-jfei^nng•;. hig h;- 

j&tarfingTorqye.-:-and:;low.-:Starting- 
■:eurrent;v.op> limited-yyariafion'.^inv 
y- s peed 

. For .constant speed .service and 
where, power factor correction “ is 
required ' . ' 


In the medium sizes of squirrel-cage induction 
motors Type B (Table 3) is preferred, having normal 
starting torque and low starting current; these char¬ 
acteristics conform to normal equipment torque 
requirements and to the regulations of power distri¬ 
bution by the utilities. These regulations are directed 
toward leveling the demand for current by the con¬ 
sumers so that at any one moment of power flow 
there is no extreme dip that might cause flickering 
of the lights and other anomalies along the electric 
system : 

EQUIPMENT AND MOTORS 


The purpose of a motor is to supply mechanical 
power to drive equipment The preceding discussion 
states that the motor must inherently possess neces¬ 
sary torque, and must not affect the power line ad¬ 
versely by its current requirements Table 2 lists the 
major varieties of equipment and motors that are 
applied in each case., 


*Up to 7 5 hp 


TABLE 7—SINGLE AND POLYPHASE A.C. MOTOR CHARACTERISTICS 


r Air Condi Honda? Company 


This chapter describes a-c motor drives and motor 
controllers which match the torque characteristics 
of the driven equipment. The motor sizes discussed 
are fractional (up to 1), integral (above 1) and 
medium to large horsepower.. The types of motors 
include single phase capacitor, polyphase squirrel- 
cage induction, and synchronous motors, However 
most applications use the simple polyphase squirrel- 
cage induction motor,. Major characteristics of a-c 
motors are shown in Table 1.. 

Each type in Table 1 offers specific motor char¬ 
acteristics of starting torque, starting current and 
operating speed to meet the requirements of various 
industrial applications The motors used in air con¬ 
ditioning systems fall into two groups: (1) single¬ 
phase motors for small systems, and (2) polyphase 
squirrel-cage induction motors for large systems 
Occasionally wound-rotor and synchronous motors 
may be used for refrigeration centrifugal com¬ 
pressors.. 
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TABLE 2 — EQUIPMENT AND MOTORS 


Y EQUIPMENT : ..Y- Y*; 

YY’-v'Y-® - ■’ 

^y" Y,- : 7 ' MOTORS - : : 

-5.:" _ .y Single Phase 

Approximate Horsepower Range 

”, ••Room f an-co!l units Zi’...'. 

Sbaded-pole (air-over) 

Fractional up to VS hp - ^ : 

V*' r ’\'.■- s ' "■k : 

' Small fans with any equipment ■ 

- ~-v- v..; r . -.''and 

, f, i,* 1 " 1 '■ *V '•*’»•** .. ’■. j i • ' ■*'%*'•’■ j _**' v .• ’-**7. '• ■* .*•. '■ 

r■ A'Hojrmotie compressors ,V\U'-;-.Vi-S ■ 

; ' « vY-v-Yy.;.': - ';■■■ •• , 

'{^Permanent/spIjNeapodtor 
- oiTover^se 1 f-yenHlated or refrigerant-cooled) 

. > Capacitor-start, copocifor-run 
' (air-over, self : ventilated or refrigeranlcooled) 

Fractional and integral up to 5 hp "• 

■ ;yV /?'• Yyy 

■ . u.'Y : Y/ v : ■ 

. .•* ••> - • ■ . v -' -si*.;-: *-• 

J ;"V; r .’: '• ; 

A ; L 

■ • , • l i.'.y- ■: ' ■■ 

•?.: . Polyphase ■; y : : 

- Approximate Horsepower Range 

YFo ns, pumps and centrifugal compressors ' . > 

Y-Y’UY.' : 

Open reciprocating compressors 

SquirrelTcagc induction (constant speed)* Y ' 

• ■ ■ V •* • : ... 

. - -. ' 

Squirrc|-coge.induction (constant speed)*-* ' 

V Integral.above 1 hp 

"Integral above' 1 hp :>■ •• -v , : v 

.Centrifugal compressors,- .- ...... 

.y.-y;: 

Centrifugal compressors. Pumps 

V/ound rotor.fvorying speed) 

Synchronous (constant speed) . . . . 

large V ' '. ... 

.. ■ • - • i r" ; - Y ; Y : ■ YYYY : '7 

'■Large, medium ' 

- ' • • > ^ ’ , , ' _ • - 

Hermetic rociprocotingcompressors 

Hermetic centrifugal compressors.! 

Iy%|§ 

- Absorption machine solution pumps 

•. -rHermetic (refrigerant-cooled) 

'-Hermetic (refrigeront-cooled)t . 

Hermetic (solution-cooled)tt , U' 

' Small to medium ’ ' ' ' ’■ 

• >' >Tk - 

. . Medium to large , , i ■. j 

Small - , 


*NEMA Design B, Insulation Class A {Tables 3 and 4) 
**NEMA Design C, Insulation Class A (Tables 3 and 4) 
f At times wound for star delta starting 
tflnsulation Class F (Table 4) 



Fans may be either included with a built-up sys¬ 
tem or coupled directly in any type of equipment 
complex containing coils, filters and spray chambers. 
The composite equipment may include fan-coil 
units, self-contained packages, condensing units, heat 
pumps, unit heaters and cooling towers 

The motors may be encased in any enclosure (open 
type to explosion — or weatherproof type), depend¬ 
ing on the design of equipment, application and 
customer desire.. 

STANDARDS AND CODES 

Motor manufacturers are guided by the Standards 


of the National Electric Manufacturers Association 
(NEMA) Motor installation should conform to the 
utility regulations and local codes and ordinances 
NEMA standards for motors cover frame sizes and 
dimensions, horsepower ratings, service factors, tem¬ 
perature rises, and performance characteristics.. 

Reference is also made to the National Electric 
Code (NEC) sponsored by the National Fire Pro¬ 
tection Association, Underwriters’ Laboratories, Inc,, 
AIEE Standards, and federal and military standards 
when applicable.. 

The standard ambient conditions for normal 


TABLE 3 — CHARACTERISTICS OF SQUIRREL-CAGE INDUCTION MOTORS, NEMA DESIGN A, B AND C 


®@iNEMASif 

TORQUE (Percent of Full load) ; 

r>‘ ! /* *. ,r. 4 * \i 

•(•’starting 

Y:'Y- • 

' '' ; *Y Y 

' • 

APPLICATION 

’YYpESIGN YY 

i-'f. \ Starting ii •• - 

M Breakdown ' • 

Vf'.'V 

YXURRENT 

Y;:.- - Y; 


YIIYyAuyY? 

.-:'i(RareIy used).: 

YYYfe rh'ti-.fYi 

; . Normal 

100 to 275 . ■ 

A'YY- - 

Higher than 
M. ,Design B 

Normal 

.ijlH Y/YI - .• 

Normal j 

YYOn :moderately 5 easy-to-start :loads.;;requiring 1 slightly >t5 
YYmote-than, fujl load starting torque, low jslip_ and moder--*^ 
ately . high breakdown ^.torque -to ^sustain - occasional 
v. overloads (Design A higher than Design B). 

vYY 

.j-Normal - jV 

SislSS 


mm 

: . Low T--^- 

. '• V - 

jV.For fans and blowers, .centrifugal pumps.-.and. ; compres- ^~ 
, : j; sors, reciprocating compressors .(started unloaded). 

• . c 

Miob .to 250 'j!; 


'AiNormal r 

:^--s !pU ! ; 

Low 

if; ; On ; hard-to -start iloads- requiring v high jsiarting .torgue^i 
Y-but^.not high overload,^eiqandsl!. Ufed; .^itk.open^recfijfp^lii 
•’.' eating compressors (started loaded),’ rotary pumpyV.SY' 
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motor operation are assumed to be a location with 
an unobstructed circulation of clean, dry air 1 at a 
temperature of 40 C (104 T) and at an altitude not 
exceeding 3300 feet (1000 meters) . At higher alti¬ 
tudes the rarefied air produces insufficient cooling. 

Special insulation must be provided for motors 
applied in the tropics because they may be exposed 
to excessive ambient temperatures, humidity and 
fungus., 

The motors and motor controls utilized to drive 
the equipment used in air conditioning and refrig¬ 
eration systems are described in the following sec¬ 
tions,. 





% MOTOR HORSEPOWER^ 


POLYPHASE A-C MOTORS 

The operating characteristics inherent in various 
polyphase alternating current motors (squirrel-cage, 
wound-rotor and synchronous) are shown in Table 1. 
The text that follows describes the mechanical con¬ 
struction, electrical behavior and application 

Fundamental relations and terminology used in 
the field of electricity are to be found in Funda¬ 
mental Relations. 

SQUIRREL-CAGE INDUCTION MOTOR 

The most widely used motor is the squirrel-cage 
induction type It is simple in construction, easy to 
start, and in combination with the starting equip¬ 
ment it is the least expensive in dollars per horse¬ 
power; it is efficient and has a reasonably good power 
factor., Figure 24 illustrates a representative perform¬ 
ance of a standard squirrel-cage induction motor, 

The two basic components of a squirrel-cage induc¬ 
tion motor (Fig 25) are the stator (stationary part) 
and the rotor (rotating part) reminiscent of a squir¬ 
rel cage 

A stator consists of a laminated iron core within 
and around the inner rim of which are distributed 
insulated windings, These primary windings are 
three in number for three-phase current and two for 
two-phase current., The arrangement of primary 
windings is controlled by the line voltage, number 
of phases, and number of poles. The power source is 
connected to the primary windings. 

The rotor consists of a laminated iron core with 
bar windings in various shaped slots around the 
periphery of the core. The bar windings at a design 
r esistance specific to various NEMA design (7able 3) 
are interconnected (short-circuited) with rings. The 
rotor mounted on a shaft is in turn mounted in bear¬ 
ings. There are no direct power connections to the 


Fig 24— Typical Performance, Siandard Squirrel- 
Cage Induction Motor (Medium Size) 

secondary windings The current in the rotor is in¬ 
duced, therefore the name induction motor. ... 

Thru a specific design arrangement of windings 
within the stator and with the positive and negative 
alternations of the current imposed, a magnetic field 
known as flux is established This magnetic field has 
a definite polarity changing with each alternation in 
current With an arrangement of windings to form 
two poles within the stator, the resultant flux leaves 
the stator at one point (north) and re-enters at an 
opposite point (south) (Fig. 26) During the next 
alternation the polarity changes; thus the flux is 
rotated In a four-pole windings arrangement the 
flux leaves the stator at two opposite points (both 
north) and re-enters at two opposite points (both 
south) This flux pulsates with the rise and fall of 
current; these pulsations and alternating polarity in 
the stator poles produce the rotating magnetic field 
As the stator-created flux revolves, it cuts the bars or 
coils of the rotor; in so doing, it induces a voltage 
within the rotor circuits (tiansformer-like action) 





Fig 25 — Siator and Rotor, Squirrel-Cage 
Induction Motor 
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Tig. 26 — Iniiial Tlux in Siaior, Induced Tlux 
in Roior, Squirrel-Cage Induciion Motor 
(2-pole, 3-phase) 

Current generated in the rotor bars sets up a mag¬ 
netic field of its own (fig. 26) The interaction of 
forces created produces the turning torque that accel¬ 
erates the rotor and in turn puts in motion the 
external load to which the motor is connected. 

The speed of the stator-created rotating flux is the 
synchronous speed (rpm) of the motor If a current 
is impressed on the stator and if the rotor is held at a 
standstill, a magnetic field revolves past the rotor 
conductors at a synchronous speed, generating a 
maximum current in rotor conductors If the rotor 
is driven at the same synchronous speed, then its 
conductors do not cut the stator flux, and no current 
is generated within the rotor Since there is no cur¬ 
rent in the rotor conductors, there is no torque, no 
turning effort developed by the rotor. However the 
windage, friction and applied load create a slowing 
down of the rotor below the synchronous speed of 
the flux, allowing the motor to develop torque The 
difference (by design) in rotor speed is the slip of 
the motor The current generated within the decel¬ 
erated rotor is sufficient to produce the torque nec¬ 
essary to rotate the driven equipment. 

NEMA Designs 

To obtain uniformity in applications NEMA 
has defined specific designs of integral horsepower 
squirrel-cage induction motors up to 200 hp in size 
Each design conforms to specific starting and break¬ 
down torque, star ting current and slip 

Table 3 gives the ranges of star ting and breakdown 
torques, current and slip characteristics of NEMA 
Design A, B and C squirrel-cage induction motors. 
(Designs D and F are not included since they are 
not used in air conditioning applications) The 
table also cites the equipment to which the motor- 
designs A, B and C are applicable 


Pig 27 - Typical Curreni and Torque Curves for 
NEMA Designs, Squirrel-Cage Induction Motor 

NEMA Design C motors usually have double 
windings in the rotor.. The outer slots are utilized 
to provide high resistance at starting, creating e 
high locked rotor torque and moderate starting cur¬ 
rent The low resistance inner slots cany most of the 
induced current during full load, thus offering low 
slip and high efficiency.. 

figure 27 demonstrates the shape of torques devel¬ 
oped and current used by NEMA Design A, B and C 
squirrel-cage induction motors. The significance of 
the magnitude of starting torques is their ability to 
overcome driven equipment inertia; the significance 
of starting currents is their capacity to affect adverse¬ 
ly the power supply Chart 1 illustrates approximate 
efficiencies of these motors, 

Manufacturers must be consulted for motor data 
for a given application 

Special Winding Arrangements 

To accommodate a power company requirement 
of reduced current draw on the power line at start¬ 
up, there are two varieties of squirrel-cage inducti 
motors. These have a special arrangement of primary 
stator windings, namely part-winding (fig. 44) and 
star-delta motors (fig 45). 


CHART 1 — APPROXIMATE FULL LOAD 
EFFICIENCIES, SQUIRREL-CAGE INDUCTION 
MOTORS 
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The part-winding type is a polyphase motoi with 
two oi more circuit windings It may be a dual 
voltage (110/220 or 220/440) motor; the suitability 
should be checked with the manufacturer- (see also 
Motor Controls ).. The starter is arranged to start 
the motor on one set of windings and after- a time 
delay to apply all windings across the line. Such a 
combination provides motor starting on about 65% 
of full voltage locked-rotor amperes while the locked- 
rotor torque available is about 48% of full voltage 
starting torque This arrangement may be less ex¬ 
pensive than the use of a standard motor and a 
reduced voltage starter A reciprocating compressor, 
either open or hermetic, may be equipped with part¬ 
winding motors 

The star-delta type is a motor with stator windings 
in delta arrangement with additional leads to circuit 
the windings in star arrangement; the leads brought 
out from each end of each winding may be connected 
either in star or delta by the starter. The motor is 
started on star arrangement of windings and is fully 
operated on delta arrangement of windings. The 
starting locked-rotor current is about 33% of the 
maximum, and the torque is about 33% of full 
voltage starting torque; these conditions are suitable 
for low starting torque applications such as centrif¬ 
ugals with inlet closed However the star-delta (wye- 
delta) arrangement has been adopted for hermetic 
centrifugal compressors 
Multi-Speed Motors 

At times there is a need for two or more fixed steps 
in speed change for the operation of driven equip¬ 
ment (fans) The polyphase squirrel-cage induction 
motors may be obtained in two-, three- (rarely used) 
or four-speed arrangements The multi-speed motor 
operation is obtained by either multiplying or re¬ 
arranging the stator windings Depending on the 
complexity of these design requirements, the multi¬ 
speed motor may be contained either in the same 
frame size as the single-speed motor of the same 
horsepower rating or in a frame larger by at least 
one size (contributing to an increase in cost).. 

The two-speed motors have either single conse¬ 
quent windings (separ ate leads) or two independent 
windings (double superimposed) in the stator to 
obtain respectively 2:1 or 3:2 ratios in speed change, 
and variable or constant torque characteristics., 

The four-speed motors are usually in 1800/1200/ 
900/600 rpm combinations for 1800 rpm synchron¬ 
ous speed, and 1200/900/600/450 rpm combinations 
for 1200 rpm synchronous speed Three- and four- 
speed motors usually have consequent pole separate 
windings. 


•^CONSTANT-V 
^HORSEPOWERS 

IMmo'torSsSs 


^constant:; 

^FORQUE^g 

gSMOTORJ^g 


*lp§5^S||Sp|gg 




'CONSTANTsi 

.tJoRofiess 

-rsMOTOfiBs 


gJCONSTARTSp 

SfiORSETPOWBRS 

iffossu^yi 

isrrOO.VSPEEDSi 
ALL MOTORS 


iMsi 


Tig 28 — Typical Horsepower and Torque 
Curves, Multi-Speed Squirrel-Cage 
Induction Motor 

The multi-speed polyphase squirrel-cage induc¬ 
tion motors are constructed according to these stand¬ 
ards: 

1. Motors producing variable torque, that is de¬ 
creasing torque with decreasing speed Horse¬ 
power delivered varies as the square of the 
speed These motors may be used to drive cen¬ 
trifugal pumps or fans. 

2 Motors producing constant torques thruout the 
range of speeds Horsepower varies directly as 
speed. These motors are suitable for recipro¬ 
cating compressors, 

3 Motors producing constant horsepower at all 
speeds Torque increases with a decrease in 
speeds These motors have no particular appli¬ 
cation with equipment in air conditioning 
systems.. 

Figure 28 illustrates the horsepower and torque 
delivery of three types of multi-speed induction 
motors.. 
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Tig 29 — Wound-Rotor Motor Rotor and Control 
Assembly 
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Tig. 50 — Typical Curves oj kva and Torque, 
Wound-Rotor Motor 


WOUND-ROTOR MOTOR 

Another variety of squirrel-cage induction motor 
that provides higher torque at start-up and a range 
of adjustable reduced speed operation is the wound 
rotor or slip-ring motor. The reduced speed opera¬ 
tion is of particular interest since it permits part 
load operation of refrigeration centrifugal compres¬ 
sors Next to the turbine drive with its infinite speed 
variations, the wound-rotor motor speed changing is 
an efficient capacity control (Part 7, Chapter 2, Fig 4) 

The wound-rotor motor is constructed with three- 
phase windings in the rotor. One end of each rotor 
phase is brought out to a slip ring on the rotor shaft. 
Stationary brushes in contact with the slip rings are 
connected to an external secondary circuit into which 
any desired amount of resistance may be introduced 
to obtain the needed speed (Fig. 29).. With the slip 
rings shorted (external resistance totally excluded) 
the wound-rotor motor has speed and torque charac¬ 
teristics of the standard NEMA Design B squirrel- 
cage induction motor 

The kva (Fundamental Relations) and torque 
characteristics of a wound-rotor motor are illustrated 
in Fig.. 90, with succeeding external resistances re¬ 
moved from the circuit. The R x curve represents all 
resistances in; R 2 curve shows part of the resistance 
removed, and so on to R 7 when all resistances are 
removed. The power factor during acceleration is 
constant 

An example of wound-rotor motor application to 
a centrifugal refrigeration machine is demonstrated 
in Fig. 31 . The motor control has five balanced motor 
load torque points dictated by the speed of the com¬ 
pressor to obtain the par tial load operation.. 

SYNCHRONOUS MOTOR 

Synchronous motors are inherently and strictly 


constant speed motors Their application is charac 
terized by the high efficiency of conver sion of electr ii 
energy into mechanical energy and by operating a 
either unity power factor or leading power factors 
for example 0.9, 0.8. Their speed is unaffected b; 
changes in voltage or load large horsepower syn 
chronous motors at low speeds are simple and com 
pact, less costly than the squirrel-cage inductioi 
motors of equivalent rating., 

In construction the synchronous motor consists o 
a stator to which a-c power is applied, producing th< | 
primary revolving magnetic field and the rotor spide: 
that contains field poles and amortisseur (damper- 
windings; these windings are similar to those usee 
in induction motors The amortisseur winding | 
develop most of the starting and accelerating torque 
At start-up the synchronous motor simulates th< . 
squirrel-cage induction motor operation; it del <i ' 
on the arrangement of slots and windings. 

There are several varieties of synchronous motors j 
This text discusses only the direct connected excite; 
motors (Fig 32) On the rotor shaft in addition tc j 
the two windings, there are collector rings and a d-t j 
exciter Another method of excitation is by a cufren 
furnished by a separate motor-generator set externa i 
to the motor. As soon as the rotor comes up to speec i 
and r uns with a slip of about 2-3%, a d-c field cur j 
rent from the exciter is applied to the field winding • 
on the salient (projecting) rotor poles.. The torqu* , 
developed to pull the motor in step is called pull-ir j 



Pig.. 31 — Speed-Torque Curve with Tive Balanced 
Points, Wound-Roior Motor 
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Synchronous motors may be useful because of 
their inherent tendency to regulate the voltage of 
the power system With a fall in line voltage the 
leading kvar of a synchronous motor is increased, 
raising the supply line voltage by the improved 
power factor of the line. Rising voltage in a line 
reverses the processes This voltage regulation may 
be useful on the ends of long transmission lines, 
especially if a large inductive load is present.. 


Pig. 32 — Synchronous Moior Roior 

torque The magnetized rotor poles lock in step with 
the stator revolving magnetic field and the rotor re¬ 
volves at synchronous speed.. However if d-c field 
current is applied before the rotor reaches 97-98% 
of synchronous speed, the rotor may not synchronize, 
resulting in severe vibration and high pulsating 
input current. 

When a mechanical load (resisting torque) is 
applied to the shaft of a synchronous motor oper¬ 
ating at synchronous speed, a balancing counter- 
torque is developed and the rotor field poles tend to 
lag the stator magnetic field.. Any increase in load is 
accompanied by an increase in lag angle, resulting 
in the motor- developing its maximum pull-out 
torque Any further increase in the mechanical load 
stops the motor. The normal pull-out torque is 
usually 150% of full-load torque with unity power 
factor motors and 200-250% with 0 8 leading power 
factor motors.. 

While driving its load a synchronous motor can 
have the a-c current input into its stator varied by 
changing the strength of the field excitation. This 
varies the power factor; it adjusts the armature cur¬ 
rent to be in phase with or leading the voltage at any 
given load. With a weaker field strength the power 
factor is less and the armature current lags the volt¬ 
age This is an abnormal operation of the synchron¬ 
ous motor, When the field is overexcited, the syn¬ 
chronous motor provides magnetization (kvar) in 
excess of its own requirements. This extra margin is 
fed into the power supply system. 

This latter feature (Fig. 33) is especially desirable 
in systems where a considerable number of squirrel- 
cage induction motors are operating. The excess 
kvar produced by a synchronous motor is consumed 
by the induction equipment in the plant, thus cor¬ 
recting the electric system power factor.. 


HERMETIC MOTOR 

Both centrifugal and reciprocating compressors 
are available in hermetically closed arrangements 
including motors. The refrigeration machine her¬ 
metic motors are in a separate class since they are 
cooled by either liquid or vapor refrigerant at tem¬ 
peratures much lower than the air- used for cooling 
open motors Such motors may operate with a higher 
temperature rise without exceeding the maximum 
temperature on which the rating of general purpose 
squirrel-cage induction motors is based. 

Since their application is quite different, hermetic 
motors are usually not rated on a horsepower basis 
They are identified by the full-load and locked-rotor 
currents; the significance of this identification be¬ 
comes apparent when selecting controls 

Hermetic motor manufacturers furnish only the 
matched polyphase squirrel-cage induction motor 
less shaft, end shields and bearings (no enclosure) „ 
The compressor manufacturer assembles these stator- 
rotor matches with compressors within the same en¬ 
closures using proper bearings. The windings are 
properly insulated and well bonded, specially for 
larger size motors. The small integral motors are 
occasionally single-phase and, since sparking con¬ 
tacts cannot be used, they are the capacitor or resist¬ 
ance split-phase types with capacitors and switches 
mounted outside the compressor assembly.. 


Tig. 33 — Power Tactor Improvement wiih 
Synchronous Motor 
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Pig. 34 — Typical Speed-Torque Curves, Single- 
Phase Motor 

SINGLE-PHASE MOTORS 

FRACTIONAL AND SMALL INTEGRAL 
HORSEPOWER MOTORS 

Small integral motors are generally the polyphase 
type; however in many areas of extensive use power 
is available only in single phase Polyphase motors 
have two or three separate and uniformly distributed 
windings in the stator, one for each phase The 
current in these windings alternates continually and 
progressively to produce a revolving magnetic field, 
resulting in torque that turns the rotor . 

In single-phase induction motors there is only one 
winding in the stator . The alternating current pro¬ 
duces a magnetic field with alternating polarity, but 
it does not revolve; it is on "dead center.” Therefore 
an auxiliary means must be provided to produce 
torque to start and accelerate the motors to full load 
speed. At full speed the single-phase motor operates 
like a polyphase motor in respect to slip, efficiency 
and power factor (Table 1 and Tig 34), The single¬ 
phase motors are limited in overload capacity, and 
are confined to fractional and small integral sizes 
(1/100 to 6 horsepower)., 



ijit&z&iAQ;:: 6o;V 80 100.: 

.E V X/SYNCH RONOUS SPEED.: 


Kps* 0'V 2a 40 60-- 80?- !00 ~ 
^SYNCHRONOUS SPEED 
lb) CAPACITOR-START INCUCTiON 

/...RUN MOTOR..';:.- 


-CTtoJ RESISTANCE SPLIT-PHASE 

vs f M 


OJf 20T 40iV60$i 80l® iOO>*fe? 

SYNCHRONOUS SPEED, _ , 
(cV; PERMANENT • SPLIT CAPACITOR 

vfe&S. MO TOR-TX' 


8O/5-I00/H 

' > SYNCHRONOUS' SPEED 

Id ( CAPACITOR-START CAPACITOR . 
. 'RUN-MOTOR 


-60.E60-S lOO^^VJ? P"'-: 

I 'SYNC HRQNOilSSPEE0 K -/' y 

u/ low^starting current. i'vAuiefe^ 


The most popular single-phase motors are gener¬ 
ally available in the following types, voltages and 
horsepower ratings: 


Motor T ype 

VOIIAGE 

Horsepower 

Shaded pole 

115 and 230 

1/100 to 1/4 

Resistance split-phase 

115 and 230 

1/20 to 1/3 

Capacitor-start 



Induction-run 

115 and 115/230 

1/20 to 12 

Permanent split- 



capacitor 

115 and 230 

1/20 to 5 

Capacitor-start. 



capacitor-run 

115 and 230 

1/20 to 6 


Resistance Split-Phase Motor (Fig. 35) 

The resistance split-phase motor is the oldest ar¬ 
rangement of single phase motors The rotor has a 
squirrel-cage winding similar to a conventional poly¬ 
phase motor There are two statoi windings, main 
and auxiliary The main stator winding is made of 
heavy wire to provide low resistance and high react¬ 
ance; the auxiliary torque-producing winding is 
made of fine wire to provide high resistance and 
hence a higher power factor , The latter winding is 
magnetically displaced from the main or running 
winding This arrangement causes a displacement 
between the current in the main and phase windings 
to simulate a revolving magnetic field. With the 
current on, the rotor is caused to rotate. When a 
speed approximately 70% of full load speed is 
reached, a centrifugal switch mounted on the rotor 
and in series with the auxiliary winding removes this 
winding from the circuit. With this impetus the 
rotor comes up to speed and the motor operates as a 
regular squirrel-cage induction motor.. The resistance 
split-phase motor has a low starting torque and takes 
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Jig 35 — Connection Diagram, 
Single-Phase Motors 
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a relatively large starting current, causing a flicker in 
the lights The switch is sensitive to heat and must 
be protected whenever exposed to hot air or radiant 
heat These motors are classed as general purpose 
motors and are applied to small propeller fans 

Capacitor-Start, Induction-Run Motor (Fig 35) 

To improve on the characteristics of the split- 
phase motor, there is a variety of capacitor motors 
that have higher starting torques The capacitor- 
start, induction-run motor usually has an electrolytic 
capacitor added in the auxiliary winding circuit; the 
centrifugal switch is eliminated. As with split-phase 
motors, when the motor has come up to approxi¬ 
mately 70-75% of full load speed, the capacitor and 
the phase winding are removed from the circuit by a 
voltage relay and the motor runs as a regular squirrel- 
cage induction motor, hence the name capacitor- 
start, induction-run. The displacement between the 
current in the main and phase windings is increased 
As compared to resistance split-phase motors this 
feature produces increased starting and accelerating 


torques; the latter enables these motors to come up 
to speed faster.. The increase in starting torque is 
due to the use of a low impedance capacitor These 
motors may be used to operate small fans and 
blowers of heavier load requirements.. 

Permanent Split-Capacitor Motor (Fig.. 35) 

The permanent split-capacitor motor is similar to 
the capacitor-start, induction-run motor except that 
the capacitor and the auxiliary winding remain per¬ 
manently in the circuit with the main winding after 
the motor is started. The capacitor may be oil-filled 
for continuous operation.. This motor has no switch 
and therefore is simpler to operate Its starting 
torque is low (about 45%) since the value of the 
capacitance is constant.. The capacitance is higher 
than the normal compromise value; it is selected for 
running operation rather than for starting needs. 
The breakdown torque is high. Because of starting 
torque limitations these motors are not used in belt- 
driven applications.. However they are efficient, quiet, 
and low in current requirements.. 


CHART 2— POWER FACTORS OF ELECTRICAL EQUIPMENT AT FULL LOAD 
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Capacitor-Start, Capacitor-Run Motor (Fig. 35) 

The capacitor-start, capacitor-run motoi has two 
capacitors in series with the auxiliary winding and a 
transfer switch which cuts out the low impedance 
starting capacitor after the rotor reaches two-thirds 
to three-quarters full load speed The running capac¬ 
itor of high impedance and low capacitance stays in 
the circuit with the auxiliary winding This motor 
has the highest starting torque. Figure 34 demon¬ 
strates the torque characteristics of various single¬ 
phase motors (split-phase and capacitor types) . 

The capacitor motors are suited to applications 
with normal starting torque such as fans, blowers 
and centrifugal pumps Motors of higher starting 
torque may be applied to reciprocating compressors; 
these motors have a rather high lagging power factor 
while running (Chart 2). 

The capacitors are either electrolytic or oil-filled 
types; performance of both may be affected by low 
ambient temperatures The electrolytic capacitors 
fall in performance (about 15%) at a temperature 
of 0-15 F Similarly the oil-filled capacitors fall in 
performance at a temperature approaching —10 F. 
The motor torque performance must be reduced 
accordingly at a slightly higher rate 

Shaded-Pole Motor (Fig. 35) 

The shaded-pole motor (often of subfractional 
size) is very similar to the permanent split-capacitor 
motor in torque characteristics, that is, low at start¬ 
ing. In place of auxiliary winding the shaded-pole 
motor has a depression at each salient pole filled 
with a continuous copper loop, thus shading a small 
portion of each pole Current applied to the main 
winding of the stator produces an effect in this 
shorted loop (shading coil) that helps to establish 
the initial low starting torque which turns the rotor 
and the load. The running torque is also low.. Thus 
motors of this type may be applied only to direct- 
driven fans such as with room fan-coil units.. The 
motor is air-over cooled The efficiency and power 
factor of shaded pole motors are very low. They are 
the smallest single-phase motor- available, usually in 
sizes smaller than 1/5 horsepower . Figure 35 shows 
connection diagrams for single-phase motors 
With the use of tapped main windings shaded- 
pole motors may satisfy multi-speed applications. 
Fractional horsepower, single-phase motors can be 
adapted to multi-speed operation by using an ex¬ 
ternal resistor, reactor or auto transformer- to vary 
the terminal voltage in fixed, predetermined steps. 

Other single-phase motors available (generally 
not in use with air conditioning equipment) are the 


repulsion-induction and repulsion-start, induction- 
run motors These are the commutator type.. This 
construction utilizes an arrangement in which the 
main field winding is connected in series with the 
compensating winding and the brushes are short- 
circuited These motors have been developed to pro¬ 
duce a particularly high starting torque. A repulsion 
motor has the variable speed characteristics while 
the repulsion-start, induction-run motor has constant 
speed characteristics of the regular squirrel-cage 
induction motor . 

Fractional horsepower series motors that are 
adapted for use on either d-c or a-c circuits of a given 
voltage are called universal motors., 

MOTOR MECHANICS AND ENVIRONMENT 

This section is devoted to the physical-mechanical 
aspects of motors in relation to power impressed, full 
load operation and the environmental conditions to 
which motors are subjected.. 

INTERNAL OVERHEATING OF MOTOR 

The motor rating is an arbitrarily specified safe 
operating limit for the machine determined in ac¬ 
cordance with certain accepted standards. It is in¬ 
tended to represent the operating limit which the 
machine cannot ordinarily exceed for a considerable 
length of time without damage to itself.. The motor 
may exceed its rated load by 10%, 25%, 50%, but at 
a risk of a rise in temperature that may permanently 
injure the winding and its insulation; in fact the 
motor will stall on reaching its maximum in torque 
rating regardless of temperature Motors designed 
for continuous service can carry specified loads for 
reasonably long periods of time without exceeding 
the heating limits. 

Windings and Insulation 

From previous discussions it is quite evident that 
the motor windings are the heart of the motor'. The 
power impressed on them must be contained; there¬ 
fore the winding must be electrically insulated from 
adjacent parts. An electric motor in operation is 
higher in temperature than the ambient; the various 
motor parts are actually at different temperatures as 
are also the sections of the windings The section of 
the winding at the highest temperature is termed 
hot spot" and is usually on the axial center line of 
the core in one of the slots. 

Under normal operating conditions the tempera¬ 
ture rise of the motor is due to the natural process 
occurring during the conversion of electric energy 
into mechanical energy and the rotation of parts. 
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There are three sources of energy losses appearing 
as heat that raise the motor temperature: 

1. Windings — heat produced by a flow of current 
against resistance and equal to the product of 
current squared and resistance (I 2 R)- (With a 
motor design resulting in lower current and/or 
lower resistance less heat is produced and the 
motor is mor e efficient) 

2 Iron core — heat produced by hysteresis* and 
eddy current losses set up by the magnetic field 
in the stator and rotor.. 

3. Mechanical parts — bearings, fans, brushes 
(when used) , Proper control of the driven load 
or number of motor starts required can also 
influence the winding losses 

The losses occurring during full load operation of 
the motor can be divided into two groups: (1) fixed 
losses, running light losses (PR no-load current 
losses), iron losses, bearing friction and internal fan 
(when used), and (2) applied losses of the driven 
load. 

The major heat losses are in the windings. There 
is a definite maximum temperature which the wind¬ 
ings can withstand under a given load and with a 
given insulation without undue deterioration either 
Within themselves or in the insulation In order that 
the maximum output of the motors may be secured 
without overheating, it is necessary to keep the heat 
losses to a minimum. Thus the insulation of the 
motor windings performs a dual function, that of an 
electric insulator and also a controlled heat dissi- 
patorl 

NEMA has established six classes of insulation 
designed for various loads and for keeping the hot¬ 
spot temperatures within safe limits Table 4 lists 
class designations, description of insulation mate¬ 
rials, and the limiting safe hot-spot temperatures (C). 

The limiting hot-spot temperatures shown are de¬ 
termined by adding together: 

, L Ambient environment temperature, normally 

. 40 C (104 F) . 

2. Hot-spot temperature allowance, ranging from 
5-15 C (usually 10 G), 

3 Service factor, normally 15 C. 

4.. Allowable design motor temperature rise. 

♦Hysteresis is the conversion of electrical energy into heat 
_ e A? r gy .due to molecular friction opposing magnetic polarity 
-i changes, friction that opposes the turning about of atoms. 


TABLE 4 — CLASSIFICATION OF MOTOR- 
INSULATING MATERIALS 


lnsulatior 

'.-••Class't 


Description 


Cotton, silk, paper anJ similar' 
organic materials neither im¬ 
pregnated with'ihsulatrrig com¬ 
pounds* " nor “ immersed -in id' 
liquid dielectric. 

'Same materials asirf'CIass ;0' 
bu* impregnated or immersed in 
liquid dielectric*; alsd.ehamel; 
.coated on conductors. . 

■ ^ • ; 

Mica,, Jglass fiber asbestos; and 

'other inorganic or 'organic ma-.' 
terials in ’ built-up form- using' 
.suitable binders. 

Entirely of * mica, porcelain,' 
glass, quartz!;or simi)a/-inor- 
ganic materials. ; 

Same as Cluss B, using modi-, 
.fled organic. 1 bjndef4^-;;^»^:j-j: . 

Same^af .'Class.8/:fusing! silicone - 
resin binders ' <, A -V 


- ' ' . * \ - ■ ‘C 

Open or 
. Dripproof 

Guarded j-TL 

. .Motor..: j 

■Temp Rise 

vqjr-; 

40 f ; 9009%. 


>„ V... ^ 

40 -- 105 (22I F) : 


- ■■ . . ; 

70. A/ 

wkWmm 


• . .901-- .155.(311 0 ; 

SwII 

•iW(356'F | 


*An insulation is considered to be impregnated when a suitable sub¬ 
stance replaces the air between its fibers 

f Approximate temperature rise 

Motors used in air conditioning and refrigeration 
systems normally use Class A insulation that permits 
a 40 C temperature rise for the windings, With 
present standards the life of the motor winding is 
approximately 35,000 hours when operated at rated 
temperature and subjected to normal dielectric and 
mechanical stresses and humidity 

Tor open motors applied in the tropics or similar 
environments, special insulation must be provided 
because the motors may be exposed to excessive 
ambient temperatures and humidity. 

TABLE 5 — SERVICE FACTOR, A C,, INDUCTION 
MOTORS 

'AX-1 - Motor,Horsepower^ \ Vjfif f Service F acto r^^y^^ 


and larger// 


m Air CoDdfitfoniny Company 
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Service Factor 

Standard open type motors of NEMA Design A, 
B and C (also Design E) carry a service factor, an 
allowable continuous overload above the rated name¬ 
plate horsepower, without causing a dangerous tem¬ 
perature rise because of overload Table 5 lists the 
service factors for fractional and integral horsepower 
induction motors, 

Service factors apply only when the voltage and 
frequency are held at the rated value When a motor 
is operated continuously overloaded, the motor nat¬ 
urally has a higher temperature rise and, therefore, 
may have an efficiency, power factor and speed differ¬ 
ent than the rated load The locked-rotor torque, 
current and breakdown torque remain the same It 
must be remembered that the temperature rise 
caused by operating a motor at a continuous service 
factor overload shortens the life of insulation and 
therefore the life of the motor As a rule each tem¬ 
perature rise of 10C halves the life of the insulation 

EXTERNAL OVERHEATING OF MOTOR 

The temperature rise previously discussed is the 
result of current flow occasioned by the load applied 
at the rated voltage and frequency.. However there 
are other considerations under which motor over¬ 
heating may result: 

1, Obstruction to heat dissipation due to improper 
ventilation. 

2 Obstruction to heat dissipation due to physical 
debris inside or outside the motor 
3, Rise in ambient temperature above 40 C (104 F), 

4.. Unbalance in voltage. 

5. Voltage and/or frequency variation from rated. 

6 Other unpredictable misbehaviour of power 
transmission component parts affecting the 
winding performance.. 

7, Failure to start, stalling. 

Thermal Protection—Oyercurrent 

The fundamental requirements for thermal pro¬ 
tection of electric motors are contained in the 
National Electric Code (NEC), Ar ticle 4S0 of Motors 
and Motor Controllers.. There are two methods of 
motor protection, one external to and separate from 
the motor, one internal within the motor. The 
former' is an over-current protection in either or all 
of the following: the power feeder line, motor branch 
power line, and motor starter, but positively in the 
motor starter. The internal motor protection is a 
device r esponsive to the motor current and tempera¬ 
ture, 


Over current protection devices guard the motor 
against excessive current up to and including the 
locked-rotor current.. The branch power line protec¬ 
tion guards against a possible short circuit or ground 
currents in the conductors (See Motor Controls ) 

The well-designed internal motor protection 
allows the motor to carry any load including an 
overload just long enough so that the motor does 
not overheat.. Only small motors, particularly frac¬ 
tional horsepower, are equipped with inherent over¬ 
heating protective devices which are imbedded in 
the motor windings and which respond directly to 
the heat generated within the motor. 

Motor Enclosures 

Environmental conditions generally refer to the 
ambient temperature, humidity, altitude and access 
to ample dry and clean ventilation air The enclosure 
of the stator and rotor as a suppor t and container is 
also a protector against the following environmental 
conditions: 

1 Moisture — dripping, splashing, corrosive, ex¬ 
ceedingly damp or even steaming.. 

2 Gases (fumes) — corrosive or explosive.. 

3 Dust — gritty, combustible (explosive) or con¬ 
ductive. 

4 Outdoor installation—rain, wind, sun, etc. with 
above items; also insects, birds and small ani¬ 
mals.. 

5.. Temperature below 10 G (50 F). 

All items except the last are quite obvious in their 
physical aspect. Operation below 10 C (50 F) reduces 
conductor resistance reflected in a small increase in 
starting current and a decrease in starting torque 
Another danger of operation in low ambient is the 
probable moisture condensation on motor winding 
insulation A thermal stress deterioration of the in¬ 
sulator may occur due to changes in temperature 
from cold standstill to warm running operation. 

Motors used in air conditioning and refrigeration 
systems ar e normally the standard open type, simplest 
in construction and lowest in cost. An open machine 
has ventilating openings which permit the passage 
of external cooling air over and around the windings 
of the machine. 

NEMA has defined many different types of open 
enclosures in its publication MG1-1.20, Open Ma¬ 
chine The most common are (1) drip-proof en¬ 
closures protecting a motor from solid or liquid 
drops falling on the motor at any angle not greater 
than 15 degrees from vertical and (2) splash-proof 
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enclosures protecting from solid or liquid particles 
falling on the machine or coming towards it in a 
straight line at any angle not greater than 100 de¬ 
grees from the vertical Additional protection is also 
defined for open machines as semi-guarded, guarded, 
and drip-proof fully guarded 

There are also the totally-enclosed motors de¬ 
scribed in NEMA MG1-1 21 Totally-Enclosed Ma¬ 
chine These motors are machines so enclosed as to 
prevent the free exchange of air between the inside 
and the outside of the enclosure, but not sufficiently 
enclosed to be termed air-tight The totally-enclosed 
motor range covers non ventilated, fan-cooled, ex- 
plosion-proof, dust-ignition-proof, waterproof, ex¬ 
ternally and pipe-ventilated, water-cooled, water-air- 
cooled, air-to-air-cooled, and fan-cooled guarded and 
weather-protected machines 

In addition to the NEMA standardized enclosures 
listed, other motors exist such as lint free (textile 
;systems), sanitary (dairy and food industries), encap¬ 
sulated (sealed enclosure), and canned pump motors 
used particularly in nuclear applications. NEMA 
standards and motor manufacturers should be con¬ 
sulted for specific data on any special motor enclo¬ 
sure for a given application 

J-Vp.'. • 

Bearings 

.Next to the stator, rotor and the enclosure, the 
most important part of the motor is the rotor shaft 
i su PP ort » t ^ ie bearings. There are two major types: 
(1) anti-friction ball or roller bearings and (2) 
sleeve bearings.. The latter are either waste-packed 
(used mostly in fractional horsepower motors), oil 
ring lubricated, or pressure oiled on large motors 
Ball bearings are either grease- or oil-lubricated 
Most ball bearings are grease-packed, either the pre¬ 
lubricated (sealed) or relubrication type. Oil-lubri¬ 
cated ball bearings are applied usually on large size 
motors; these bearings require more complex hous¬ 
ing and careful control of oil level, and must be 
mounted in a prescribed position. The bearing 
should be equipped with a sight gage for observing 
a proper oil level.. 

The grease-packed ball bearings must have grease 
-that is quiet, have low friction and oxidation rates, 
and must be clean. For applications where motors 
are exposed to winter ambient or various low tem¬ 
perature conditions special low temperature greases 
must be utilized. Excess grease may lead to overheat¬ 
ing of the bearing 

.NOISE 

The noise level is increasingly important in many 


motor applications Motors produce airborne sound 
and physical vibration as unavoidable byproducts of 
the conversion of electrical to mechanical energy 
The undesirable manifestation of sound and vibra¬ 
tion is termed noise. 

Airborne Noise 

Airborne noise is produced by all the vibrating 
parts of the motor The initial sources are magnetic, 
mechanical and windage. 

Magnetic noise is produced by magnetic forces 
(flux) in the air gap and other parts of a magnetic 
circuit The frequency (cycles per second), usually 
twice the line frequency and its harmonic is a func¬ 
tion of either the number of slots and rps (vary¬ 
ing) or the line frequency (constant) The air gap 
forces are to be considered only in relation to the 
stator. The rotor (usually quite rigid) may be a 
source of noise in the case of hermetic motors and 
close-coupled motor pumps. In the latter case the 
shaft vibration noise may be transduced to the water 
Mechanical noise may result from disrepair, un¬ 
balance or bearing disorders. The first two are ab¬ 
normalities that should not exist in a well-con¬ 
structed, balanced motor Bearing noise may be 
differentiated between that of a sleeve type or ball 
type of bearing. The former is inherently quiet with 
a few distinguishable sound frequencies.. Ball bear¬ 
ings with numerous component parts moving relative 
to each other produce many sound frequencies. 
Rigidity of bearing support is very important.. The 
noise level of both types increases with lubrication 
impurity and surface roughness appearing in the 
course of wear and tear Therefore care must be 
exercised in the choice of motor enclosure in relation 
to ambient environment. 

Although rarely encountered in the air 1 condition¬ 
ing field, another mechanical noise is brush noise, 
resulting from the sliding contact of brushes against 
a slip ring or commutator In the case of a slip ring 
the noise is less than that produced by brushes slid¬ 
ing over a segmented commutator. In either case the 
brush noise is characterized by high frequencies.. 
Since brush noise is a function of surface finish, it 
also varies during motor operation because of wear.. 

The passing of ventilation air thru the motor 
together with the propulsory elements creates only 
airborne windage noise Its pulsations contribute to 
stator vibrations. The windage noise is of broad band 
characteristics Motors having open enclosures are 
principal generators of windage noise. The totally- 
enclosed fan-cooled motor equipped with an external 
fan may at times have higher level windage noise 
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Totally-enclosed nonventilated motois with internal 
fan air circulation have subdued noise levels Wind¬ 
age noise from high speed motors dominate over 
noises from other sources 

Of all the motors compared on the basis of equal 
horsepower and speed, synchronous motors are the 
most quiet 

The single-phase fractional motors have a terminal 
120 cps vibration (60 cycle current) caused by the 
pulsating, 120 alternation power supply and trans¬ 
mitted to driven apparatus and motor supports.. 
Since their bearings are the sleeve type, the bearings 
seldom contribute to noise. 

Mountings and Isolation 

The second aspect of undesirable noise is the vibra¬ 
tion coupling between the motor and its support, 
transmitting unwanted vibration noise to building 
structure. Careful attention must be given to the 
motor mounting and support isolation A standard 
rigid base is the simplest and least expensive normal 
motor mounting, To reduce vibration and noise 
either from the motor or motor-driven machine 
assembly, various resilient mountings are available. 
Resilient elements are used either under motor feet 
(where applicable) or under the base of the total 
assembly. Fractional horsepower motors used on fan- 
coil units are often isolated by rubber rings around 
the bearing supports There exist also flange or face 
mountings used on such apparatus as close-coupled 
motor-pumps These assemblies may be isolated from 
the floor by resilient mounts. 

Motors can be installed in any position, horizontal, 
vertical, upside-down or sideways, provided they are 
equipped with proper bearings and lubrication. 

The motor mechanical power may be transmitted 
to driven equipment thru (1) a direct shaft such as 
with hermetic assemblies or small fans, (2) couplings 
with pumps and reciprocating compressors, (3) 
matched V-belts with fans, (4) step-up gears and 
couplings with centrifugal compressors, or (5) hy¬ 
draulic and magnetic couplings with fans or cen¬ 
trifugal compressors. 

MOTOR CONTROLS 

Motor characteristics and the requirements im¬ 
posed by the equipment used in air conditioning 
and refrigeration systems are set down in the pre- 
ceeding section on motors These requirements and 
characteristics and the rules imposed by the power 
companies constitute the guides for selecting motor 
controls. 


In order to obtain adequate motor performance 
electric energy must be regulated. The controller 
may be a simple on-off toggle switch or a combina¬ 
tion of complex automatic equipment. 

PURPOSE 

The purpose of the motor controller is to: 

1. Admit electric energy to the motor at a proper 
rate 

2 Protect against any fault that may occur in the 
electric system which may cause a sudden inrush 
of current. 

3 Prevent overheating of the motor while oper¬ 
ating. 

4, Regulate the motor speed. 

5 Withdraw electric energy when the need ceases.. 

This discussion gives an insight into the functions 
of motor starting and protective equipment. The 
detailed selection of equipment to satisfy given 
requirements is the responsibility of the electrical 
engineer. 

STANDARDS AND CODES 

The National Electric Code, Article 430, Motors, 
Motor Circuits and Controllers covers basic mini¬ 
mum provisions and rules for the use of the subject 
equipment The provisions are a guide to the safe¬ 
guarding of persons and of buildings and their con¬ 
tents from hazards arising from the use of electricity.. 
This code is not a design manual The Underwriters 
Laboratories, Inc provide standards for Industrial 
Control Equipment (#508) and for Temperature- 
Indicating and Regulating Equipment (#873). 

The local, city and state codes must also be fol¬ 
lowed as well as the regulations of the local power 
company 

CONTROL ELEMENTS 

Figure 36 is a schematic diagram of the various 
possible elements of a power supply circuit to the 
motors 

Protective equipment that prevents major mal¬ 
functioning of the power supply system such as a 
short circuit, reverse-phase and open-phase opera¬ 
tion, voltage variation or stoppage, and interlocking 
of controls is discussed later. Most starters for motors 
of larger than one horsepower provide motor over¬ 
load protection either firmly fixed in the starter- or 
in an assembly of contactor and overload protection, 
Fractional and small integral horsepower motors 
often have overload protection as part of the motor. 
Without this basic protection the starters are switches 
or contactors.. 
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Fig 36 — Motor Coniroi Circuit 


The push buttons are either a part of the starters 
or are installed remotely on a separate panel for the 
convenience of the operator in charge of the air con¬ 
ditioning and refrigeration system Other' initiating 
devices are discussed with their applied equipment. 

The motor controller furnishes a means for a 
motor to: 

].. Start and accelerate 

2. Operate the load. 

3 Regulate its speed.. 

4. Protect itself, including controller and wires.. 

5 Stop 


Various possible components of motor control are: 

1. Switching mechanisms such as manual switches 
or magnetic contactors which open or close the 
power circuits 

2 Power-absorbing or transforming devices such 
as resistors or reactors which absorb part of the 
power applied to the motor; and auto-trans¬ 
formers which reduce the line voltage before 
application to the motor, 

3 Protective devices which are motivated by tem¬ 
perature or voltage. 

4 Pilot or initiating devices such as push buttons, 

: float switches and thermostatic switches.. 
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STARTERS 

Starter selection is integral with motor selection 
and should be so considered in relation to the follow¬ 
ing factors: horsepower rating, permissible current, 
desirable torque, necessary protection and combined 
economics. 

An outline of the basic process of selection of avail¬ 
able starters is given in Fig 57 There are many varia¬ 
tions and combinations with protective and pilot 
devices 

Manual or Magnetic Starter 

The first decision is whether the particular appli¬ 
cation calls for a manual or magnetic starter. The 
former performs all of the required functions and is 
operated by hand The latter is automatic thru the 
use of electromagnets, and is initiated either by hand, 
push button, or by some starting device involved in 
the process control; from this point on, the starter is 
sequenced thru the steps designed into the control 
circuit. 

The choice of manual or magnetic starter is influ¬ 
enced by the size of the motor and frequency of 
operation. Infrequently operated motors may often 
have manual starters.. Most motors should be started 
magnetically, either because of the size of the motor 
or because of the convenience of remote starter oper¬ 
ation. Magnetic starters are more expensive but their 
higher cost is offset by lower maintenance costs and 
greater safety Another advantage of a magnetic 
starter is the fact that it is automatic; once committed 
to certain duty the possibility of introducing human 
error is eliminated Because of the possibility of in¬ 
cluding a variety of pilot relays, automation has the 
flexibility to achieve any desired end to operate and 
protect the motor. Magnetic starters include under¬ 
voltage protection. 

Full or Reduced Voltage Starter 

There are two fundamental classes of starting 
equipment serving squirrel-cage induction motors: 
(I) full voltage, across-the-line and (2) reduced volt¬ 
age, reduced current inrush starters Wound-rotor 
motor and synchronous motor controls are discussed 
separately. 

four factors influence a choice between a full or 
reduced voltage starter: (1) cost, (2) size of the 
motor, (3) current inrush and starting torque be¬ 
havior of the motor with reduced voltage, and (4) 
power company restrictions on the use of electric 
energy (in relation to the requirements of the driven 
machine). These factors are discussed under a specific 
class of starters.. 


' hand' ' . '• 
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Pig. 38 — Across-The-Line Manual Siariers 
Full Voltage, Across-the-Line Starter 

The least expensive are the manual full voltage 
starters (Fig 38).* These are applicable especially to 
small size motors, single phase up to 5 hp and three- 
phase up to 714 hp; they consist of switching con¬ 
tacts and overload relay trips. They do not provide 
automatic under voltage protection Motors restart 
on reinstatement of voltage on the power line. 

When using small switches for fractional horse¬ 
power motors, protection is provided by inserting 
fuses in circuits 

The magnetic full voltage starters provide con¬ 
venience, flexibility and safety that is greater than 
with manual starters; they include undervoltage 
protection 

A push-button relay that continues to maintain 
contact on voltage failure (Fig. 39a )j illustrates one 
variant for safeguarding against low voltage How¬ 
ever with voltage reduction the magnetic strength of 
the starter coil weakens, permitting the contacts to 
open When voltage is reinstated, the coil is re-ener¬ 
gized and contacts are closed. This is a low voltage 
release that allows the equipment to operate on volt¬ 
age recovery. 

In cases where such automatic procedure is unde¬ 
sirable, a momentary contact push button is used in 
combination with a set of normally open auxiliary 
contacts in the starter (Fig. 39b). When voltage re¬ 
turns, the motor cannot restart and requires a 
manual resetting. 

*Figures 38, 39, 41-45, 47 and 49 are diagrammatic only. No 
attempt is made to illustrate the actual starters. 

fControl circuits shown here are basic further starter diagrams 
do not show control circuits 












Part-Winding with Resistors 


Wound Rotor (approximate) 
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Reduced Voltage Starters 

Reduced voltage on the motor reduces locked-iotor 
current inrush and torque as well as accelerating 
torque (Fig. 40) The reduced torque produced is 
generally greater than that required by the equip¬ 
ment used for air conditioning systems (Fig- 23) 
Thus a reduction in current inrush in accordance 
with local power company current limitations is the 
primary reason for the use of reduced voltage starters 

The common practices by power companies are to: 

1 Limit starting current to a fixed percentage of 
locked-rotor current inrush 

2 Limit starting current to certain increments at 
fixed intervals of time using closed transition 
between successive steps, thus helping the net¬ 
work to adjust itself to a gradually imposed 
load 

All deviations from across-the-line starting meth¬ 
ods are grouped together under reduced voltage 
types However some types actually reduce voltage; 
others reduce current inrush directly. Both methods 
result in the reduction of current and torque Reduc¬ 
tion of current is of concern here. 

The general class of reduced voltage starters di¬ 
vides into two groups: 

"mmumwmMssm 


Fig. 40 — Current and Torque Characteristics 
Squirrel-Cage Induction Motor wiih Auio- 
Transformer Reduced Voltage Starter 

1. Reduced voltage star ters applied to any motor 
a Auto-transformer 
b Primary-resistor 
c Primary-reactor 

2 Reduced current inrush starters applied to 
specially wound motors 
a. Part-winding 
b Star-delta (wye-delta) 

Table 6 lists locked-rotor current and torque char¬ 
acteristics of various starters 


TABLE 6 — COMPARISON OF STARTING 
METHODS 


Fig. 39 


Across-The-Line Magnetic Starters with 
L ow Voltage Safeguard 


Air Conditioning Company 
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Tig. 41 — Auio- Transformer Reduced Voliage 
Siarier, Closed Transition 
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Tig 42 — Reduced Voliage Starter, Primary- 
Resisier 
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Some of these starters ate manual. However since 
the majority of applications are of the magnetic type, 
only this variety is discussed. The schematic illustra¬ 
tions are intended to show starting sequence only and 
do not represent the actual wiring of any starter . 
Refer to starter manufacturers' catalogs and data for 
wiring diagrams and complete details. 

The auto-transformer starter usually has three 
voltage taps (50%, 65% and 80%). On closing the 
circuit for a star ting contactor the motor is connected 
to the power line thru the design voltage tap Simul¬ 
taneously a timing unit is energized.. After a brief 
lapse of time the auto-transformers are removed and 
the motor is connected to full voltage In effect there 
is a brief lull, then a “bump”* on the power line 
This is an open-circuit transition version of starting.. 
Figure 41 shows one method used by manufacturers 
to achieve closed circuit transition starting. Before 
the run contacts R are closed, the neutral contacts N 
are open and the auto-transformers operate briefly as 
reactors in series with starter windings. Then the run 
contacts are closed. The flow of current is hot inter¬ 
rupted 

The primary-resistor starter (Fig. 42) with closed 
circuit transition limits voltage and locked-rotor cur¬ 
rent by inserting an external resistance in series with 
the stator windings, This starter is frequently used 
as an increment starter Any number of steps can be 
provided to reduce the incremental current inrush, 
Pressing the start button energizes the start contacts 
having the resistance This places the motor on re¬ 
duced voltage. After a brief lapse of time the run 
contacts are closed, bypassing the start contacts and 
resistors. Then the motor is on full voltage. 

The primary-reactor starter (Fig. 43) has a three- 
phase reactor in place of the resistors. This starter is 
primarily used for high voltages (2300-4800 volts) 
because the reactors are self-contained and do not 
present insulation problems encountered when in¬ 
stalling resistors. 

With multi-circuit winding motors the part-wind¬ 
ing starter (Fig 44) provides reduced locked-rotor 
current inrush and torque by successively connecting 
the available winding circuits; the motor stator part 
windings are energized in steps The use of one cir¬ 
cuit of the usual two-circuit winding ordinarily gives 
60-75% of the full-voltage full-winding starting cur¬ 
rent and torque The number of circuits in the stator 
winding may be greater than two to provide a greater 
number of increments in starting The part-winding 


Tig. 43 — Reduced Vol iage Siarier, Primary- 
Reactor 


■There is aiso a ‘ bump in motor torque; this imposes stresses 
on motor windings, shaft and coupling 
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starter is not a reduced-voltage starter, but a reduced- 
current starter’. 

Part-winding reduced-current starting has certain 
advantages.. It is simple and less expensive than most 
reduced-voltage methods because it requires no volt¬ 
age-reducing elements such as transformers, resistors 
or reactors; it uses smaller contactors. It is inherently 
a closed circuit transition starter., 

The part-winding starter also has an advantage in 
that it is not adversely affected by high voltages 
Continuous high voltages (not high voltage surges) 
such as 250 or 260 on a nominal 220-volt system can 
result in motor burnout when using an aiito-trans- 
former starter.. The auto-transformer, is normally 
rated for short-time duty and is therefore rather 
small If an over-voltage of about 15% is applied, the 
transformer will saturate and allow very high cur¬ 
rents to pass thru the starting contactor which, in 
turn, welds shut and puts the motor on single phase 
the next time it is started. The part-winding starter 
does not impose a limit on the starting duty cycle 
as does the auto-transformer since there is no insu¬ 
lated voltage reducing equipment which may over¬ 
heat: 

The part-winding motor starter is almost always 
an increment-start device Not all motors can be part- 
winding started; it is quite important that the motor 
manufacturer be consulted before this type of start¬ 
ing is applied Some motors are wound sectionaliy 
with part-winding starting in mind; indiscriminate 
application to any dual voltage motor (for example, 
a 220/440 volt motor which is to run at 220 volts) 
can lead to excessive noise and vibration during 
starting, to overheating, and to extremely high tran¬ 
sient currents upon switching.. 

For the delta wound motor provided with six leads 
(3-phase motor only) there is the star-delta or wye- 
delta starter that provides reduced locked-rotor cur¬ 
rent inrush and torque.. This behavior is achieved by 
connecting first the motor windings in star arrange¬ 
ment, and then on the second step by r earranging the 
windings in delta arrangement The essential differ¬ 
ence is that, for the same motor winding, the star 
connection draws only one third (33%) as much 
current as the normal delta connection, and gives one 
third as much torque.. 

figure 45 shows a closed transition arrangement in 
which additional protection in the form of a resistor 
is provided against high inrush current during the 
switch-over period from star to delta winding, Initial 
inrush is the same as in the open transition arrange¬ 
ment; however, depending on the time lapse the 
incremental inrush is reduced with closed transition 



Fig.. 44 — Part-Winding Starter 



Fig 45 — Star Delia Starter, Closed 
Transition 



Fig.. 46 — Comparative Combined Costs of Motor 
and Starter for Various Starting Methods 
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*Does not include autotransformer magnetizing current which is usually less than 25 percent of motor full-load current 


flf application dictates, other voltage increments can be furnished 


because the current does not first drop to zero before 
stepping up to the higher value provided by delta 
connections.. In the open transition arrangement 
there is a brief period when the stator windings are 
not energized. This may result in a momentarily high 
current inrush at the instant of making the delta 
connection. In some power systems this “bump” in¬ 
rush is objectionable and therefore a closed transi¬ 
tion arrangement is preferred. 

The star-delta motors and starters are widely em¬ 
ployed with hermetic centrifugal machines. The 
primary appeal of this starting arrangement is the 
absence of voltage-reducing equipment Voltage re¬ 
duction is inherent in the star connection of the 
delta-wound motor., 

Of all the star ters discussed here the r educed-volt¬ 


age stepless resistance starter gives a smoother start 
for the squirrel-cage induction motor.. However in 
the case of severe limitations of starting current, a 
r esistance star ter may not be applicable because of a 
possible severe torque reduction below a point of 
positive starting; other starters may have to be used.. 



Pig. 47 — Wound-Roior Motor Control. 
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TABLE 7—COMPARISON OF STARTERS (Contd) 
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Actos s-the-line starters aie always lowest in cost fig¬ 
ure 46 shows comparative costs of motoi-staitei 
combinations. Table 7 gives comparative data on 
various starters.. 

Wound-Rotor Motor Starter 

The wound-rotor' motor variable secondary resist¬ 
ance starting equipment (fig.. 47) is the most expen¬ 
sive motor-starter combination and consists of: 

1 Primary across-the-line starter with major pro¬ 
tective elements, overload and under voltage 

2 Secondary resistors and drum controller which 
acts to insert into the motor rotor windings the 
resistance required to provide the design speed 
control. The drum controller may be manually 
or automatically controlled 

The change in rotor resistance provided by the 
controller results in a change of the motor speed- 
torque curve; thus this method can be used as a 
means of speed control It also results in a change of 
the motor speed-current curve so that this method is 
used to limit the starting current drawn from the 
power line. 

A safety relay does not permit motor starting unless 
all the resistance is in the circuit. 

Synchronous Motor Starter 

The synchronous motor starting equipment (fig. 
48) is essentially the same as for a squirrel-cage induc¬ 
tion motor because the synchronous motor starts 
operating as a squirrel-cage induction motor.. Thus 
the main control may be either across-the-line or any 
of the reduced-voltage types, depending on the power 
company regulations.. 

To start up and operate, the synchronous motor 
requires a : c power; therefore the main contactor 
must be closed.. During the starting period the d-c 
field winding is shorted thru the starting and dis¬ 
charge resistor.. The latter serves two purposes; (1) 
it limits the high induced voltages that would other¬ 
wise appear- at the field terminals and (2) it increases 
motor 1 pull-in torque at start-up by serving as an 
added resistance in the field circuit As a discharge 
resistor it limits the field voltage when the field 
supply is disconnected 

When approximately 97% of the synchronizing 
speed is r eached, the star ting resistor is automatically 
disconnected from the slip rings, and the d-c power 
is applied to stabilize the motor synchronous speed. 
One other important condition must exist at the 
moment of application of d-c excitation; a correct 
relationship between the rotor field and the stator 


revolving magnetic field which also contributes to 
developing maximum pull-in torque.. 

If a sudden overload or voltage dip occurs, the 
required load tor que can exceed the maximum pull¬ 
out torque of the motor.. Thus the required torque 
pulls the motor out of its synchronous speed; the 
motor is pulled out of step. The d-c field,is discon¬ 
nected immediately; otherwise severe vibration due 
to torque pulsations may develop, and stator pulsat¬ 
ing current inrush may rise to dangerous levels, 

The polarized field relay operates at the instant of 
proper motor slip, bringing in d-c excitation, and 
thus automatically resynchronizing the motor if 
there is sufficient torque left in the motor, after re¬ 
moving the disturbance which caused the pull-out.. 
Otherwise the motor is automatically taken off the 
line. A series of protective devices are included to 
provide a proper sequence of operation 

Multi-Speed Motor Controllers 

The control of multi-speed motors is achieved 
thru separate starters (in one enclosure) acting 
either individually on each winding with separate¬ 
winding motors (fig. 49b) or in interlocked manner 
with the consequent-pole motors (fig. 49a), No at¬ 
tempt is made to analyze the multiplicity of speed¬ 
winding combinations or control circuits that may 
apply under various circumstances. Most large fan 
applications use only two speeds, either with single 
(2:1 ratio) or two (3:2 ratio) windings, 

PROTECTION 

The power supply lines nearest the motor are the 
feeder and branch circuits. The feeder circuit is the 
conductor that extends from the service entrance 
equipment to the branch circuit protective device 
A branch circuit is that portion of the wiring system 
which extends beyond the final overcunent device 
providing protection. 

Switches 

A majority of air conditioning and refrigeration 
installations are low voltage applications which at 
times may use manually-operated circuit switches as 
permitted by local codes. There are several varieties: 

1, Disconnect switches for isolating purposes. 
They have no interrupt rating and should not 
be operated with a load on the line, 

2, Interrupt switches in sizes up to 600 ampere 
continuous current rating They can be opened 
with a load on the line, and are used mostly as 
service entrance equipment. 
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3. Enclosed safety switches, fused or unfused, 
available for light duty a-c service up to 600 
ampere and 240 volt rating; for normal duty 
service (general purpose) up to 1200 ampere 
and 600 volt rating; and for heavy duty indus¬ 
trial service up to 1200 ampere and 600 volt 
rating., 


i)d )< i 

. Fig,. 49 — Muiii-Speed Conirol 

Fuses and Circuit Breakers 

The design performance of a motor is delivered 
under a normal supply of electric energy Any dis¬ 
turbance to normal flow leads either to overheating 
and eventual destruction of the motor, or to non¬ 
delivery of the required mechanical power 

The greatest hazard to any electric service is a short 
circuit, a flow of an enormously excessive current 
(running into thousands of amperes) caused by some 
famlt either in the power line or at the motor.. Suffi- 
cient protection must be designed into the system to 
safeguard the feeder and branch circuits as well as to 
isolate the feeder system from a fault in the individ¬ 
ual branch circuit.. 


In an air conditioning and refrigeration system it 
is important to maintain full system capacity. Thus 
protection of the branch circuits that lead to the 
motors driving various fans and refrigeration mach¬ 
ines is very impor tant.. Isolation of a defective branch 
circuit affords immediate attention for diagnosis and 
repair of the fault while the rest of the system is still 
able to deliver its partial air conditioning capacity.. 
This does not obviate centralization of the system 
because present day electrical equipment is well de¬ 
signed and dependable; nevertheless, careful atten¬ 
tion must be paid to the selection of electrical equip¬ 
ment appropriate to needs 

The electric system protection is twofold, (1) from 
a fault in the power supply and (2) from a fault 
occurring at the motor A fuse or circuit breaker' 
current interruption in the branch circuit must be 
instantaneous before the effect is cumulated back to 
the feeder circuit breaker. 

An a-c squirrel-cage induction motor has three 
levels of electric current usage: 

L Fundamental or operating full-load (100% 
load) level 

2. Code permissible over-load level (service factor 
generally 115%, Table 5). 

3 Almost instantaneous level* of star ting current 
inrush (600%).. 

Neither the motor nor the starter is able to con¬ 
tinuously withstand a short-circuit without damage. 
The starter (controller) is equipped with normal 
overload relays; therefore, the time-current charac¬ 
teristics of the short-circuit protection must be care¬ 
fully coordinated with that of the normal overload 
protection so that the short-circuit over cur rent pro¬ 
tection does not operate under any of the three levels 
of usage but operates instantaneously under short- 
circuit conditions. Fuses and circuit breakers are 
used for short-circuit interruption When fuses or 
simple circuit breaker are installed in the same en¬ 
closure with the motor starter, the assembly is called 
a combination starter 

A fuse is a low cost short-circuit protection device. 
It may be a plug or cartridge type. The plug type is 
available in ratings up to 30 amperes and is used on 
lines not exceeding 125 volts. There are two basic 
types of fuses, one with a single fusible zinc element 
and one with a dual-element time delay fuse!. The 
latter has the ability to open the circuit on either- the 
overload or shor t circuit. 

♦The almost instantaneous nature of starting current inrush 
does not provide sufficient temperature rise in a protective 
element for it to act. 
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Commeicial or industrial cartridge type fuses are 
available in either single or dual-element varieties. 
There are also renewable or nonrenewable designs., 
fuses of renewable design are more expensive, but 
the cost of replacing fuse links is less than that of 
fuses of a nonrenewable design. 

A circuit breaker functions both as a circuit pro¬ 
tector and as a branch circuit disconnect switch. Its 
advantage is that upon being opened by a short cir¬ 
cuit it may be reset without the necessity of replace¬ 
ment, as in the case of a fused disconnect switch 
With fused polyphase circuits there exists another 
danger, namely single-phasing in case only one fuse 
blows. A circuit breaker disconnects all three phases 

Overload Relays 

The line over current protection of the motor and 
starter is provided by varieties of switches, fuses and 
cir cuit breakers, or combinations of these The motor 
overheating protection is accomplished by overload 
relays in the starter itself 

Overload relays are either a melting alloy or bi¬ 
metallic type. The latter may be the compensating 
type, that is, compensating for ambient temperature 
difference between motor and starter locations The 
compensated overload relay thus safeguards the 
motor from unnecessary outage and acts to trip only 
on motor overcurrent conditions 
A third type of overload relay is the magnetic in¬ 
duction type, the Heineman relay; it is non-sensitive 
to ambient temperature and is instantaneously re¬ 
setting. 

Undervoltage 

There are many types of relays that may protect 
agairrst any failure or malfunction Only the most 
applicable are described, 

Power systems are subject to occasional voltage 
fluctuations of varying magnitude and duration 
Lightning, accidental short circuits or line overloads 
may create undervoltage dips and failures; motors 
may slow down and even stop., Minor voltage dips 
below 10% or frequency variations below 5% may 
be tolerated. More extensive variations may overheat 
the motor causing it to stop.. There are three methods 
of protection that deal with line undervoltage; 

1 Instantaneous and complete stoppage — the pro¬ 
tective device trips the starter and the motor- 
stops.. The motor can be reinstated in operation 
only manually.. 

2 . Time-delay — the motor is not shut down, but 
remains connected to the line for a brief dura¬ 
tion, ie. 2 seconds. Beyond this time interval 


the motor is disconnected either to be restarted 
manually or automatically with the voltage on 
again.. 

3 Time-delay and automatic reconnection — the 
starter is instantaneously disconnected from the 
power line and restarts the motor- with voltage 
restoration. This protection is permissible if 
automatic reinstatement of equipment opera¬ 
tion is required and is safe for personnel, and if 
in the case of a multitude of motors a combined 
instantaneous inrush of current can be tol¬ 
erated by the power supply line.. 

Another protective means, undervoltage release, 
may be applied which stops the motor instantan¬ 
eously but restarts it after any indefinite period of 
voltage shutdown.. This method may be applied after 
a careful analysis of motor restarting relative to 
driven equipment and plant operating personnel..' 

With synchronous motors provisions must be made 
for automatic resynchronization after a voltage dip 
where continuity of operation of the driven equip¬ 
ment is required. Time delay undervoltage protec¬ 
tion or some means of motor unloading must be pro¬ 
vided during resynchronization unless the motor has 
a sufficient pull-in torque to resynchronize when the 
voltage is reinstated 

Phase Failure 

Phase failure in a polyphase system must be pre¬ 
vented It may occur under a varied set of circum¬ 
stances, either in a power supply line or a branch cir¬ 
cuit—a fuse failure, malfunction of one of the starter 
contacts, or a line break When one of the phases 
opens while the motor is running under full load, the 
current in other phases increases in value and may 
trip the overload relays in the starter.. Occasionally at 
certain partial loads the overload relays may not be 
tripped, yet current in the circuit of low impedance 
may cause overheating. Damage to fractional horse¬ 
power motors is rare; since this protection is an extra 
expense, it is usually considered only with larger, 
more costly motors. 

Reversing of Phases 

Reversing of phases results in reverse rotation of 
the motor . Such a situation completely upsets the 
flow of fluid handled.. Usually such a fault is rare 
since great care is exercised in wiring a motor.. Tor 
instance, the fans rotating in reverse are unable to 
deliver the design air quantity, In both instances, 
either open or reverse phase, there are available 
relays that stop the motor or prevent backward opera¬ 
tion respectively, 
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Interlocking 

One form of protection is interlocking of the 
equipment or functions within the equipment. Ex¬ 
amples of equipment interlock are relays that pre¬ 
vent starting of the refrigeration compressor until 
(1) the condenser or chilled water pump or both ar e 
started, (2) oil pressure is up or oil pump is started 
(centrifugal compressor), or (3) prerotational vanes 
are closed (hermetic centrifugal) An example of 
interlocking functions within a given equipment is 
an interlock that prevents wound-rotor motor start- 
inguntil the drum controller is in the starting posi¬ 
tion, that is, with all the resistors in the circuit 

ENCLOSURES FOR STARTERS 

’ Starters, either singly or in combination or in 
multiples thereof, are usually encased in general- 
pur pqse sheet metal enclosures furnished with a 
dowelled or hinged access panel and door s.. The small 
enclosures are not ventilated but are inherently pro¬ 
jected from dust and light indirect splashing; they 
also protect the operator from accidental contact 
with the live parts,. 

. ;. Multiples of individual starters or in combination 
with protective devices may be assembled in vertical 
multiple cubicle control centers and may be pre¬ 
wired. Two NEMA types are: 

Type A —contains no terminal boards (blocks) 
for either load or control connections 
. Type B — contains terminal boards for load and 
; , control connections at each starter (most 

popular) 

i - There are also dusttight and watertight enclosures 
that do not admit dust or water; the watertight en¬ 
closures may be used for outdoor installations 
For hazardous areas there are Class 1 and 2 enclo¬ 
sures. The Class 1 enclosures for flammable and cor¬ 
rosive vapor areas are made for both air-break and 
oil-immersed control The air-break controls are 
heavy enough to withstand an internal explosion and 
to prevent hot gases from escaping to the outside.. 
Oil-immersed controls are also used where corrosive 
atmospheres are present; oil protects the metal parts 
Class 2 enclosures are made dusttight for locations 
where air-dust explosive mixtures may form. 

NEMA classification of the motor control enclo¬ 
sures for mechanical and electrical protection of the 
operator and equipment are listed as follows: 

General Purpose NEMA 1 — indoor, atmospheric 
conditions normal, sheet metal, does not prevent 
entry of liquid or airborne foreign particles, con¬ 
duit entrances standard.. 


General Purpose NEMA 1 Gasketed — indoor, de¬ 
signed to exclude dust and other foreign airborne 
particles, does not meet dusttight requirements, 
sheet metal, conduit entrances standard.. 

Driptight NEMA 2 — indoor, general purpose en¬ 
closure with shields for protection from dripping 
liquids, conduit gasketed entrances may require 
special glands or hubs.. 

Weather Resistant (Raintight) (Weatherproof) 
NEMA 3 — outdoor, controls operate satisfactorily 
exposed to rain or sleet, sheet metal, special con¬ 
duit hub or entrance to maintain weather resistant 
characteristics. 

Watertight NEMA 4 — outdoor, water or moisture 
excluded from splashing or direct stream, meets 
specific hose test requirements, sheet metal or cast 
construction, special hubs or glands required for 
conduit entrance, no conduit entrance knockouts, 
external mounting feet. 

Dusttight NEMA 5 — indoor, prevents entry of 
dusts, nonhazardous locations, sheet metal or cast 
construction, gasketed or equivalent, no conduit 
knockouts, conduit entrances predrilled, sealtight 
bushings required, external mounting feet.. 
Hazardous Locations (Gas) NEMA 7D — meets 
requirements of NEC for Class 1 Group D hazard¬ 
ous locations, cast enclosure bolted or threaded, 
conduit entrances threaded, special hubs or glands 
required, external mounting feet.. 

Hazardous Locations (Dust) NEMA 9E-F-G -• 
meets requirements of NEC for Class II hazardous 
locations, cast construction, bolted or threaded, 
conduit entrances threaded, special hubs or glands 
required, external mounting feet 
Industrial NEMA 12 — indoor, meets JIC electri¬ 
cal standards for industrial equipment, excludes 
dust, lint, fibers, flyings and oil or coolant seepage, 
sheet metal gasketed, no conduit entrances, seal- 
tight bushings required, external mounting feet. 
Oiltight — no specific NEMA number designation, 
indoor, designed to exclude entrance of oils or 
coolant, used in applications similar to NEMA 12 

HAZARDOUS LOCATIONS 

The NEMA classifications and definitions of haz¬ 
ardous locations are: 

Class I, Group A — atmospheres containing acety¬ 
lene. 

Class I, Group B — atmospheres containing hydro¬ 
gen or gases or vapors of equivalent hazard such as 
manufactured gas.. 
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TABLE 8—STANDARD NEMA SIZES AND 
MAXIMUM HORSEPOWERS 
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Class I, Group C — atmospheres containing ethyl 
ether vapor . 

Class I, Group D — atmospheres containing gaso¬ 
line, petroleum, naphtha, alcohols, acetone, lac¬ 
quer solvent vapors and natural gas.. 

Class II, Group E — atmospheres containing metal 
dust, 

Class II, Group F — atmospheres containing car¬ 
bon black, coal or coke dust 

Class II, Group G — atmospheres containing grain 
dust 

NEMA SIZES FOR STARTERS 

Standard NEMA sizes and corresponding maxi¬ 
mum horsepowers are listed in Table 8 


FUNDAMENTAL RELATIONS 

Electric motors consume electric energy. Energy 
is utilized in various ways by the specific designs of 
motors. It is the purpose of this section to review 
briefly the fundamental elements of electric energy 
and their interplay affecting the performance of a 
motor drive to provide mechanical power for the 
operation of various equipment.. 

The text is elementary; however the correct appli¬ 
cation of motors and motor control depends on a 
thorough understanding of the rudiments of electric 
current phenomena 

The standard alternating current service is gen¬ 
erated usually at medium voltage, distributed at very 
high voltage using smaller size conductors, and trans¬ 
formed at points of use to single, two- or' three-phase, 
60-cycle current of 120, 240, 480 or 600 voltages. The 
a-c current is also available in 50 cycles (used pri¬ 
marily in foreign countries) and 25 cycles. The 60- 
cycle frequency is most utilitarian for power and 
lighting applications Medium high voltages (2300 
to 4160 and 4800 volts) are used for large motors 
(200-250 horsepower and up) to achieve whenever 
possible a lower over-all installation cost of motor 
and auxiliaries. 

Alternating current voltage alternates regularly in 
value and direction figure 50a illustrates a single¬ 
phase wave Frequency or cycle is the number of 
complete 360 degree cycles per second (two alterna¬ 
tions per second). If the electric power is supplied 
over two circuits in one of which the voltage reaches 
zero and other corresponding values 90 degrees later 
than in the other circuit, the service is two-phase 
(fig 50b) If the power is supplied over three circuits 
with corresponding current values reached at 120 
degree intervals, the service is three-phase (fig 50c).. 



Fig 50 — Electric Service 
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Tig. 51 — Current and Voiiage in Phase, Positive 
Active Power Oniy 


Tig.. 52 — Curreni Lacs Voltage, Positive and 
Negative Power 


PRESSURE, INTENSITY, RESISTANCE AND 
ACTIVE POWER 

Plow of electricity is caused by electro-motive force 
(eriif); the unit volt (E) is the common measure of 
electric pressure (fig. 50a). The top of the sine curve 
is the maximum line pressure. The actual effective 
average voltage (root-mean-square, rms, voltage) is 
0 707 of the maximum, and is measured by the a-c 
voltmeter. 

v : rThe unit ampere (I), the intensity of current, is 
the measure of rate of flow of electric current The 
effective rms value is the value indicated on a com¬ 
mon a-c ammeter 

A conductor of electricity inherently has resistance 
to flow. Tor a given resistance expressed in ohm units 
;,(Afl°, w pf one ampere under pressure of one volt) 
has to be varied to change the rate of flow. 
With reduced resistance a given pressure (emf) in¬ 
creases the rate of flow 

Electric power (W) is measured in watts. 


CURRENT-VOLTAGE INTERACTIONS 

The relationship between current and voltage is 
an important aspect of motor design for two reasons: 
(1) power factor and (2) electromagnetism, the life 
blood of transformers, motors and other electric 
apparatus (solenoid valve) with magnetic effects 
created within iron cores The magnetic lines crossed 
by a conductor induce a current within the conduc¬ 
tor This is the foundation of the motor concept. 

The magnetic effects produced by electric current 
in an electric circuit containing coils or windings 
react in turn upon the current. The magnetic effects 
retard (check back) the current, causing it to lag 
behind the voltage; the current still flows in the cir¬ 
cuit even if the voltage is zero (fig. 52); the magnetic 
reaction is called inductance A condenser in an 
electric circuit causes current to lead ahead of the 
voltage This reaction is called capacitance and tends 
to counteract the inductance 


A watt (El) is the product of one ampere effective 
current flowing at a pressure of one effective volt, in 
a circuit that does not contain either inductance or 
capacitance, for instance, as an incandescent light 
bulb or a heating device 

In these noninductive a-c circuits the voltage and 
current are in phase, reaching the maximums and 
minimums at the same time (Fig 51) When voltage 
and current are in phase, the power is the total active 
power consumed: 

I On single-phase service kw = — £I ... 

1000 

2. On two-phase service, kw = — 

1000 

3. On three-phase service kw = l- 73 EI 


APPARENT POWER 

In electric circuits containing inductance (induc¬ 
tion motors) with a continuous flow of current the 
product of effective current and effective voltage is 
greater than the actual power used to drive the 
motor.. The cumulative apparent power is measured 
in volt-amperes, or usually in kilovolt-amperes (kva).. 

El 

1 On single phase service kva = — 

2 EI 

2 On two-phase service, kva = Yqqq 

3 On three -phase service, kva = * 

r 1000 

figure 52 is the power plot, usually positive; when 
the current or voltage is negative, the product EI is 
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negative power. A motor draws positive power from 
the line to do the actual work; the negative power 
(kvar) goes back to the line. The actual power is the 
net flow of power measured on the wattmeter.. 

The kvar may be evaluated as follows: 


1 On single phase service, kvar 


;e service, 


POWER FACTOR 

•' V' 


3. On three-phase service, kvar = —— 
(PF = power factor) 


Fig 53 — Approximate Drop in Voltage with 
Lagging Power Factor 


POWER FACTOR 

The negative aspect of the power is the result of 
magnetism, the reactive current that does no actual 
work; however it provides the necessary magnetic 
field, The ratio of real active power to apparent 
power (watts/volt-ampere, kw/kva) is the power 
factor A power factor of 1.0 (unity) all positive 
(Fig, 51) is ideal; this exists in circuits having resist¬ 
ance only such as incandescent lights and electric 
heaters, A lagging power factor less than unity is 
undesirable in circuits having squirrel-cage induc¬ 
tion motors. A decrease in power factor means an 
increase in kvar for’ a given kw load. Chart 2 shows 
the range of power factor effects of various electrical 
equipment on the power circuit. 

There are various methods of controlling a power 
factor as close to unity as possible The kvar inherent 
in induction motors is to be contained within the 
plant which uses the actual power (Fig 33) Without 
control of the power factor the effects of its lagging 
are deleterious; they are of vital interest to the power 
supplier as well as the power consumer The reasons 
are three-fold; 

1 Low power factor means more current per kilo¬ 
watt used; hence it costs more to transmit the 
useful power being dragged by apparent power 
The consumer may have to pay more for the 
real power he uses. 

2 Low power factor reduces the capacity of the 
power system to carry the real power of the total 
system from generator to switches at the motors; 
the whole system must be larger to transmit a 
given kilowatt load.. The power producer’s in¬ 
vestment per kilowatt of load is higher., 

3.. Low power factor may depress the voltage, re¬ 
sulting in detrimental reduction of the output 
of electric apparatus. This lowers the perform- 


VOLTAGE VARIATION 

A variation of the line voltage affects the induc¬ 
tion motor power- factor and motor efficiency as 
shown in Fig 54 The motor torques are raised or 
lowered from their- design value proportionally to 
the square of voltage; for 90% of line voltage (10% 
drop), there is available only 81% (.9 x .9) of design 
torque. Table 9 lists the effects of voltage variation 
on the elements of motor behavior. Figure 55 pre¬ 
sents graphically the effect of voltage and frequency 
variation on the two basic characteristics of a motor, 
the starting torque and starting current. 

A decrease in voltage increases the full load cur¬ 
rent and thus increases the full load temperature 
rise. An increase in voltage may have the physical 
effects of shearing off couplings and even producing 
some damage to the driven equipment itself because 
of a sharp rise in starting and running torque 


NORMAL VOLTAGE.; 
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Fig. 54 - Effect of Line Voltage Variation 
Motor Power F actor and Efficiency 
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TABLE 9 — VARIATION IN MOTOR CHARACTERISTICS WITH CHANGE IN VOLTAGE 


Motor Characteristic £ 


Percent,Variation with Change'in Voltage of 


Function of Voltage' 


Starting and Maximum Running 
Torque 

Synchronous Speed ; 

Percent Slip 


(Voltage) 2 


Increase 23% 


.Constant 
1 /(Voltage) 2 


$3$ftc£Chdng3£i 

-^Decrease TZ%' 


St Full-loo tf Speed 
- Efficiency -Sr >' 
Full-Load J' 


(Syh. Speed Slip) 

jfe ^Bs&S s 


;| ncr ease 


Deere ase|i:'/ 2 -% 


IgfeSrhall Increase '.Viv 

Decrease V 2 to'.2 point’s 
' ' “■ ' 
Decreas&75to 20.pcinfs• 


Increase , J /5 ;t.o3’ipoint; 
?|;nPractically 'no' change^ 
' Decrease T to 2 points' 

^Decrease 3 points, . 

■ Decrease^ points . >■ 
v Decrease 5'fb.6 points:; 


^S^jjDe.creasejS^pbihts® 
5 Practically no change 
X-iliwease^tb^poiriis- 

' - 

_ > V r w ‘ 

' . Increase 1 point 

. i - ‘ i points 
-jl ncrease r^'toiS points^ 


L ° ad 

Load 




Power Factor 


Decrease 5 to T5 points .- 

§m 

iSm Decrease 10fo30;poinfs7,t 

wmmsmmt 


##Sti 




iSi' V ivtf>'S 


X Full-Load Current 

■ 

^Starting Current £ 


Decrease 11 % 

. 

vV^lncreose 25%; 


l ncrease ’1,1 S|l 

/■X-iDeqredVe il 0 :f b$I2 % 

. -L’ ' ' 

.. - •.•:/.•; Increase 6 U) 7 C 

' Decrease 7 9% '' 

wliiwJip 


.^Decrease 7 %Tj'^ 
Increase 10 to'12% 


bagsl ncrease 4^-%%##K 

> v < « ,■• a r^fjrCi-; 


D ecrea se:3 ,td.''4.'C : /'i 
^Increase 21 %',■%?| 
I ii crease -Slightlyjo^i 

^WiMI 


^Noticeable, Increase^* 


NOTE: Applicable to NEMA Design A, B and C motors. 


MOTOR TORQUE 

■'■^The load torque of a driven machine must be 
matched by the torque characteristics of the motor. 
The relationship between torque, power and speed 
is given by: 


Definitions of various torques follow: 

1 Locked-Rotor* (starting, static, breakaway) 
Torque is developed at the instant of starting 
for any angular position of the motor rotor 
when the rated voltage is applied at rated fre¬ 
quency It is the turning effort applied to the 
load at rest, 


where T 


torque pound-feet 
powei, horsepower 
speed, rpm 


'VARIATION IN VOLTAGE 

A djo - ’ 

startingX ui r: ■ 

•torquewxa 5 2 ' Jemu 

'"-X;? > 20 V: 


•^VARIATION INvFREO 
IN STA 


TORQi 


rfjiN speeo 4#;s 

(FULL; .tOAOftJg 


$2 

M* j^^SSTARTINa 
<.•: />,'7>CURRENT; 


example, a 500 hp 1750 rpm (full load rpm) motor has 


% VARIATION'S 
IN FREQUENCY 


torque of 


--= 1500 pound-feet 

Motor torque is created by the interaction of a 
rotating magnetic field (Fig 26) and the induced 
voltage in the rotor coils. 

Figure 56 illustrates 


with variation : in voltage - , with- variation in frequency 


a torque curve characteristic 
a squirrel-cage induction motor. It also points out 
approximate locked rotor, pull-up breakdown 
d full load torque values against the percent motor 


Tig 55 — Motor Performance 


*Locked-rotor nomenclature is derived from the fact that in 
measuring starting torque the rotor is locked in position and 
is motionless when the current is applied to the rotor 
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TABLE 10 — STANDARD EQUATIONS 


DESIRED DATA 

: . \.T ; alternating current 

c ..' ; - Single-phase 

2-Phase 


^‘Horsepower | g 

.A'* volts x amps x.eff x PF AC - 
746x100 ; 

2 x volts x amps x eff x PF 

v.' ' .1.73 x volts x amps x eff x PF <' 

746x 100 . 


'^SAmperes (when ; r 

hp x 746 x 100 • 

hp x 746 x CCO 

x 746 x 100 

$5fe|horaepower is known), , 

• , yojtsx eff x PF 

2 x volts x eff x PF 

-- • higpigi sat.* -V 

A- -.. A 1.73 x volts x eff x PF’-'ATVA 

fglfckilowalts ore kii own) 

^lltifkil owatts x'1000 C®#®' 

■ volts x PF 

- s "TkiJowatfsx 1000 ", 

xybltvx PFA$*p|p# 

gj| .73 x volts x PF 

.... 

A kva is known) 

"SSMi kva xi0OO : '.S 

• V. Volts -■ „ 

'UX-.-:-: r.'Xn 

kvaxlOOO. 

V ' '' 2x volts 

yK'■ kva x i 000'R 


NOTE: Equations for 2-phase are set up for 4-wire circuits In 3-wire circuits the current in the common conductor is 1 41 times that in either of the 
other two conductors Efficiency is expressed in an integral number (90%).. Power factor is expressed as a decimal (0 85).. Refer to Charts 
1 and 2.. 


momentary inrush of current (starting current) is 
four to six (up to 10) times greater than the full 
load (Fig. 27). The low figure is the standard for the 
majority of motors specifically designed to satisfy 
the power companies’ concern with taxing the trans¬ 
mission lines with disturbances that affect the power 
transmission performance; these disturbances are 
due,to possible large low power factor starting cur¬ 
rents The customer charges normally are affected 
only slightly since the inrush is momentary in nature; 
this inrush may have only slight effect on the demand 
charge which is based on continuous use of current 
for at least fifteen minutes However in the case of 
frequent starting or long acceleration periods, the 
dernand is integrated over a period of time (usually 
fifteen minutes) and may up the demand charge 
The same amount of current is drawn at starting in 
4 motor is stalled because of mechanical over¬ 
load. 

EFFICIENCY 

Motor efficiency is a measure of the motor capacity 
electric energy input to mechanical horse¬ 


power output and is expressed in percent of kw 
input: 

Percent efficiency = * 2 ™?™ X ^ x 100 
kw input 

Approximate comparative efficiencies of standard 
squirrel-cage induction motors at three different 
synchronous speeds are shown in Chart 1.. 

HORSEPOWER AND CURRENT 

To facilitate the evaluation of horsepower output 
and current consumption in amperes, standard equa¬ 
tions are presented in Table 10 

The objective of this chapter has been to provide 
an outline or an introduction to the great wealth of 
material available on motors and motor controls.. 
The manufacturers' data and catalogs provide the 
necessary details The proper selection of motors and 
motor controls is an inseparable part of the design 
of air conditioning and refrigeration systems that are 
part of the total over-all mechanical equipment. The 
performance and acceptance of a system may well rest 
on the electrical equipment selected to operate it. 
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.^ijrhis chapter presents information to guide the 
hngineet in the practical application and layout of 
^Boiler's when used in conjunction with air condition- 

'.in'iv'onil rpfrio-pra finn svstPms 


|m| : and refrigeration systems 


. miwm- 

7 §Jl'he scope of this chapter is limited to packaged 
ibp|krs which have capacities to cover the applica- 
‘ ftions -with which the engineer is concerned Steam 
^generation as well as water heating may be effected 
ifcy^he'utilization of such boilers up to comparatively 
//[ugh steam pressures and water temperatures respec- 
•. Lively. 

S|®|P|S|bF BOILERS 

may be classified in two general groups: 

. i :. . . 0 O I 

V'-^SilfS^iorial.cast iron boilers, 
v V\/l/2-/ ; Steel firebox boilers, fire-tube or water-tube.. 

|i ^Qast.irorr boilers may be rectangular (or square) 
|^|g^p||p^tical sections or round with horizontal sec- 
|g§j ;jtionso<rhese boilers are usually shipped in sections 
, at place of installation.. 

^iJ^ld ^l^ Bp^^aller boilers are factory-assembled Some 
' s P ace s completely surrounding the 

k-> chamber Cast iron boilers are normally 
^ /“.^i^ed to 15 psig steam pressure and SO psig water 
F) with IBR* net load ratings ranging 
2,500,000 Btu/hr output 
boilers have their combustion gases 
.surrounded by circulating water, 
hot water fire-tube boiler is a 
type boilerf having all components 
Components include burner, 
auxiliary equipment Most mod- 
at .or below 250 psig and 
20 >p9° J b steam/hr Fuels for packaged 

be oil, gas or a combination of 

~J_ T These:/;//'; /,_/ . - ' ’ 


. Bp ^ r 3nd Radiat °r Manufacturers. 

1®# b °‘! cr evoived t0 111 eet space and weight requirements 
^ a tine lt is self-contained, requires no brick 
~~ 3 ^ Cad °P ei ated at high ratings without damage 
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Water-tube steel boilers have their combustion 
gases circulating around the tubes and water passing 
thru the tubes Most modern water-tube packaged 
units have capacities ranging up to 60,000 lb steam/ 
hr and pressures up to 900 psig. Capacity is limited 
by shipping clearances.. Water-tube units are de¬ 
signed principally for oil, gas or a combination of 
these fuels.. These boilers can be adapted to solid 
fuels more readily than can fire-tube steel boilers. 

APPLICATION 

Cast iron boilers are suitable for steam generation 
or hot water heating where low pressures are used 
They may be applied in commercial and industrial 
buildings within the capacity range available.. 

The capacities of cast iron and steel boilers over¬ 
lap Where this occurs, any comparison should in¬ 
clude the following: 

1 Steel boilers in the larger sizes are more effi¬ 
cient. 

2. With proper maintenance and use, a cast iron 
boiler outlasts any steel boiler made.. However, 
where the character of maintenance is apt to 
result in neglect, the serviceability of the steel 
boiler is of marked advantage 

3 A skilled steam fitter is required to assemble the 
heating sections of cast iron boilers (when 
field-erected), The steel boiler has only to be 
placed into position.. However, since the sec¬ 
tions of a cast iron boiler are so designed as to 
be readily carried thru doors or windows, ease 
of installation generally favors the cast iron 
boiler. 

4. The relative cost of steel boilers in the smaller 
sizes is greater than that of cast iron boilers of 
the same capacity. 

5 When more boiler capacity is required in the 
extension of a system, additional sections may 
be added to a cast iron boiler, whereas a sepa¬ 
rate or replacement steel boiler of a larger size 
must be considered. 
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Fire-tube steel boilers are used principally in small 
heating and industrial plants.. Its popularity is grow¬ 
ing in the industrial, commercial and institutional 
fields. Shell diameters are limited to about 96 inches 
Cost of installation including setting is considerably 
less than that of a corresponding water-tube boiler.. 
With a water-filled cylindrical shell housing an in¬ 
ternally fired furnace, a relatively long gas-travel 
path yields high efficiency in a compact unit. 

Water-tube steel boilers pick up in capacity near 
the upper end of the fire-tube range to extend the 
availability of the packaged concept Pressure and 
size limitations of fire-tube boilers do not exist in 
water-tube units; these boilers require no prepared 
setting other than a floor of sufficient strength and 
no skilled labor for assembly prior to operation 

Fire-tube and water-tube steel boilers may be used 
for hot water heating.. 

STANDARDS AND CODES 

Boiler installation should conform to applicable 
national, state, local, ASME, utility and insurance 
code requirements. The ASME boiler and pressure 
vessel code (Sections I and IV) prescribe methods of 
boiler design, construction and installation The 
Mechanical Contractors Association of America pre¬ 
scribe boiler testing and rating procedures. 

STEAM BOILERS 

Where applicable, low pressure steam generators 
are recommended because boilers operated at more 
than 15 psig pressure must, generally, be tended by 
a licensed operator . 

LOW PRESSURE BOILERS 

Cast iron or fire-tube steel boilers may be applied 
to low pressure steam generation. 

Hartford Return Loops illustrated in Part 3 are 
recommended to prevent the loss of boiler water by 
backward flow into the return mains. 

Cast Iron Boilers 

Cast iron boilers are designed for' oil, gas or coal 
fuel 

figure 58 shows a typical gas-fired, cast iron steam 
generator Good boiler design incorporates methods 
of breaking up the hot gases leaving the firebox and, 
by means of passes or baffles, promotes contact with 
the heating surface at a high gas velocity but with a 
reasonable resistance. 



Fig 58 — Typicai Gas-Fired Cast Iron Generator 


Practically all packaged fire-tube units are avail¬ 
able for low pressure heating service (15 psig and 
below).. They are relatively inexpensive compared 
to the corresponding water- tube boilers, figure 59 
shows a typical fire-tube steam generator. 

The design and construction of a fire-tube boiler 
presents definite limits to the sizes which can be built. 
Practical limits of size and pressure result from the 
fact that the entire steam-making process takes place 
inside a shell. Since shell strength to resist rupture is 
proportional to pressure times diameter, high pres¬ 
sures and large diameters lead to prohibitively thick 
shells 



Fire-Tube Steel Boilers 


Fig. 59 — Typical. Fire-Tube Steam Generator 
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Fig 61 — Direct Sysiem, 
High Temperature Water 


Practically all water-tube boilers are equipped 
with soot blowers when delivered, or have provision 
for easy installation of soot blowing elements.. These 
are usually of the steam type 


Air Conditioning Company 


T he fire-tube boiler has a lar ge water-storage capac¬ 
ity; thus the wide and sudden fluctuations in steam 
demand ar e met by only a slight change in pressure.. 
Because of the large water content, a longer time is 
required to bring the boiler up to operating pressure. 
Overload capacity is limited and exit gas tempera¬ 
tures rise rapidly with increased output. Oil or gas- 
fired, the modern packaged fire-tube boiler operates 
with efficiencies of about 80% over a wide load range. 
Coal, stoker-fired boilers operate from 60-75% effi¬ 
ciency. 

The fire-tube design is not readily adaptable to 
the installation of soot blowing equipment.. How¬ 
ever, with relatively large tube diameters compared 
with water-tube boilers and with the products of 
combustion confined within the tubes, the turbulent 
high speed gas tends to produce a scrubbing action 
and maintain tube surfaces relatively free of com¬ 
bustion deposits The fire-side surfaces of the tubes 
may require brushing at periodic intervals, the 
length of the intervals depending on the cleanliness 
of the combustion process and the type of fuel used 

HIGH PRESSURE BOILERS 

Both fire-tube and water-tube steel boilers may be 
applied to high pressure steam generation 

Water-Tube Boilers 

Water-tube boilers (Fig 60) have compact and effi¬ 
cient heating surface layouts by combining water- 
wall and convection surfaces; they are well suited for 
low head, limited space applications. 

Water walls handle the bulk of the heat absorp 
tion in most packaged water-tube units Exposed to 
radiant heat the waterwall heat transfer rate is high 
In nearly all designs the drum is arranged with its 
long axis parallel to the furnace length 


Fig. 60 — Typical Waier-T ube Steam Generator 


Fig. 62 — Indirect System, 
High Temperature Water 


HOT WATER SYSTEMS 


In hot water applications the range of tempera¬ 
tures involved is from 180 T (conventional gravity 
hot water heating system) to 400 F (accepted practi¬ 
cal upper limit for industrial applications). Two 
basic types of hot water systems are the indirect cas¬ 
cade and the direct systems. 

A direct system (Fig. 61) generally has a separate 
tank which provides expansion as the water tempera¬ 
ture changes. If forced circulation is used, a centrif¬ 
ugal pump draws water from the tank, circulates it 
thru the system, sends it to the boiler for' reheating. 












































8-54 


PARI 8 AUXILIARY EQUIPMENT 




•ANGLEiTHERMbMETER-j; 


i~.WATEf»:-,TEMP£fiArilRBl 

I^.COtiTRO^gS^^ffisSK 


SfeCoWfEINElE 

^TditANJ&^yi! 


tCOE1£WATER©£f 

UN££g£te&eg& 






PILOT-ShUT-O^F' - . • 




Pig. 63—Direct System, 
Low Temperature Hoi Water 
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An indiiect system (Tig 62) takes steam from a 
boiler and carries it to a direct contact heater that 
raises the water temperature to within about two 
degrees of the entering steam temperature From the 
heater, pumps circulate the high temperature water 1 
to heat exchangers at points of use.. Condensate is 
generally returned to a hot well.. Peed water may be 
supplied from both the hot well and water portion 
of the direct contact heater.. 

The direct type of system is generally employed 
except on installations where existing steam genera¬ 
tors are used, when a source of exhaust steam is used 
with a cascade heater to produce high temperature 
water, or where specific limitations on the use of a 
cast iron boiler prevent it from being used on a direct 
system Specific limitations on a cast iron boiler are 
these: 

1 Not recommended where the hardness of the 
water produces lime deposits in the boiler sec¬ 
tions.. 

2. Not recommended where the city water 1 mains 
are used as an expansion tank and the city water 
supply pressure is greater than the boiler maxi¬ 
mum working pressure.. 

High temperature water applications may be di¬ 
vided into three categories: 

1 Low temperature (LTHW) range is from 180- 
250 F with corresponding saturation pressures 
from 0-15 psig, 

2. Medium temperature (MTW, sometimes called 
intermediate) range is from 250-300 F with 
saturation pressure ranging from 15-52 psig, 

3. High temperature (HTW) range is from 300- 
400 F with saturation pressure readings of 52- 
233 psig 


MAINE 


mmm 


Fig 64 —Indirect System, 
Low Temperature Hoi Water 


LOW TEMPERATURE HOT WATER SYSTEMS 

Cast iron and fire-tube boilers may be applied to 
low temperature hot water heating with direct and 
indirect systems., A typical direct system using a cast 
iron boiler is shown in Tig. 63 

With suitable provision for introducing the return 
low temperature water without thermal shock to the 
unit, the conventional fire-tube packaged steam 
boiler may be adapted to the direct system 

A typical indiiect system using a cast iron boiler 
is shown in Tig. 64 Any steam generating unit can 
be used in a cascade system. With low temperature 
hot water applications temperature rises up to 50 
degrees may be used 
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MEDIUM AND HIGH TEMPERATURE WATER SYSTEMS 

Water temperatures greatei than 274 P can: be 
secured with some cast iion boilers utilizing a direct 
system Boilers may also be water-tube or fire-tube, 
and may be equipped with any conventional fuel 
firing apparatus. 

Since there is a partial correlation between pres¬ 
sure and capacity, maximum pressure and tempera¬ 
ture seldom prove economical except in the higher 
capacity range. Water-tube boilers are seldom de¬ 
signed for pressures below 150 pounds; they are pre¬ 
ferred for the higher pressure and capacity ranges 
SiWith medium and high temperature hot water 
applications, advantage may be taken of high tem¬ 
perature rises up to 100 F and 200 F respectively 
' Figure 65 shows a typical fire-tube hot water boiler .. 
Figure 66 shows the flow pattern in a hot water boiler. 


Fig 65 — Typical Fire-Tube Hoi Water Boiler 


BOILER PERFORMANCE 

^>The term performance refers to the rate of output, 
efficiency of heat transfer, and draft and pressure 
requirements of the unit or any of its component 
k parts 

•: • 

. CAPACITY 

hf?The capacity or output of a boiler is expressed in 

• ;v. : • - -T-, . , r . . . 

many ways, lne most accurate method of rating is m 
•■iterms of total heat transferred per hour to the water 
or steam as it passes thr u the unit. Capacity may also 
Abe expressed in equivalent direct radiation, boiler 
s.' horsepower or actual evaporation.. 

‘‘However siich a rating reflects only the boiler out- 
•put under laboratory test conditions and does not 
provide for piping loss and starting load allowances; 
when selecting a boiler, its net load rating (IBR, 

) should be equal to or exceed the cal- 
heat re( }hirements of the building The net 
var i e s from 75% for oil, gas and auto- 
coal-fired boilers to approximately 40% of the 
output for small hand, coal-fired boilers.. When 
^ j°b conditions, the calculated heat re- 
4^ments of the building should take into consid- 
. . n , tEe s(;artu p steam demand of the miscellan- 
^f^quipmem supplied by the boiler 

Direct Radiation 

Si/^i^lWY^ient square foot of steam radiation sur- 
fac 5,( E P^) is defined as the amount of surface which 
S 1 v ^ 4 ?, : S tu/hr '. w ^ £tL a steam temperature of 215 F 
arid a room air temperature of 70 F With hot water 

toiler Institute 
: ®S?. ?it ; an Boiler Mamifactu 


Com to, of Clejvei Bronf-, Co 


Fig 66 — Internal Flow Pattern, Hot Waier 
Boiler 


the value of 150 Btu/hr may be used for a 20 F drop 
However, the EDR unit is being replaced by the more 
universal Btu/hr rating 

Boiler Horsepower 

A boiler horsepower (BHP) is defined as the 
evaporation of 345 lb of water per hour' from a tem¬ 
perature of 212 F into dry saturated steam at the 
same temperature. This is equivalent to 33,475 Btu/ 
hr or 139.5 sq ft of equivalent direct steam radiation 
or 223.1 sq ft of hot water radiation. 

Actual Evaporation 

The term most commonly used is actual evapora¬ 
tion, i.e pounds of steam generated per hour (lb 


vers Association 
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steam/hr) at the given steam temperature and pres¬ 
sure.. This does not offer an accurate comparison be¬ 
tween one unit and another since the heat trans¬ 
ferred per pound of steam generated may vary 
widely, depending on steam pressure, temperature 
and feed-water temperature. 

Percent of Rating 

It has been customary to rate boilers on the basis 
of 10 square feet of heating surface per boiler horse¬ 
power However, as boiler designs and filing methods 
have improved, boilers can now develop several 
times the capacity based on former methods of rating 
The ratio of actual to nominal capacity has been 
stated as percent of rating Although the term has 
become obsolete, it is still used occasionally with 
reference to standardized boilers of low capacity 

Corrections to Ratings 

Por elevations above 2000 feet, boiler ratings 
should be reduced at the rate of 4 percent for each 
1000 feet above sea level unless the boiler mechanical 
draft fan capacity is adjusted accordingly. 

Minimum required gas pressures for gas-fired 
boilers should be adjusted upward for altitudes 
above 700 feet. Correction factors should be obtained 
from the boiler manufacturer. 

EFFICIENCY OF HEAT TRANSFER 

The efficiency of a boiler is the ratio of the heat 
absorbed by water and steam to the heat (calorific 
value) in the fuel In commercial practice, the com¬ 
bined efficiency of the boiler and furnace (including 
grate) is used. It is extremely difficult to determine 
the actual efficiency of a boiler alone, as distinguished 
from the efficiency of the combined apparatus.. 

Stack losses (sensible heat lost in flue gas) are 
almost always the most serious source of furnace in¬ 
efficiency. A maximum stack temperature of 500-600 
E is considered good practice by many engineers. 
Exit gas temperatures of 100-150 degrees above sat¬ 
urated steam temperatures are typical Figure 61 
shows the typical performance of an oil-fired fire-tube 
boiler at a constant pressure. 

DRAFT AND PRESSURE 

The various items included in the pressure differ¬ 
ential across the convection surface of a boiler are: 

1 Friction due to flow across tubes 
2. Loss in head due to turns.. 

3.. Friction due to flow thru or parallel to tubes 

4.. Stack effect, 

Turns in boiler passages are usually of the severest 



Fig 67 — Typical Performance Curves, Oil-Fired 
Fire-Tube Boiler 


type in that they are generally 180 degrees and are : i 
very sharp. ; 

Because of the great difference in the coefficient of 
heat transfer between cross and parallel flow, lower j 
velocities are usually used for cross flow in order to 
obtain reasonable draft losses l 

The flow of air thru the fuel bed and the products J 
of combustion thru the boiler breeching and stack 
result in a pressure drop. In order to keep the gases 
moving at the rate required to maintain combus¬ 
tion, either mechanical or natural draft is required | 
to overcome this pressure difference. | 

Mechanical draft implies the use of forced or in- | 
duced draft fans whose characteristics and selection 4 

are similar to those in ventilating work, except for a 1 
heavier construction.. | 

Natural draft is produced by chimneys or stacks 1 
which serve to discharge the gaseous combustion | 
products at an elevation sufficiently high to avoid J 
pollution of the immediate surroundings.. Their se- 1 

lection involves the determination of (1) the amount | 
of draft required, (2) the stack height needed to J 

produce this draft, (3) the weight rate of flow of flue J 

gases and (4) the stack section area necessary to 
accommodate this flow. 

Chimneys produce a draft as a result of the differ¬ 
ence in density between the column of hot gases 
inside and the air outside The net useful draft is the 
difference between this theoretical static head and 
the resistance of the chimney itself due to gas flow. 

Mechanical draft fans for packaged boilers are de¬ 
signed in accordance with the combustion require¬ 
ments of the burner.. Natural stack draft is not re¬ 
quired with the packaged automatic boiler. Stack 
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construction and maintenance costs are eliminated 
Only a small vent is needed to carry flue gases out¬ 
doors. 

FUELS 

The pr incipal fuels used for combustion in a boiler 
| are coal, oil and gas; the choice of fuel is usually 

j abased on availability, dependability, cleanliness, 
j Economy, operating requirements and control. 

. ’AVAILABILITY 

'VLThe unavailability of a particular type of fuel may 
preclude its use.. Reasonably cer tain long term avail¬ 
ability of a fuel and less likely interruption of supply 
| • .in 4 .the event of any emergency should be considered. 

7-1: codes may prohibit the use of cer tain types 

;y- 1\ ., 

r ' • .-'■'DEPENDABILITY 

i ^Dependability may be measured in terms of quan- 

rMy^and quality 

;uptable service rate to consumers of gas 
t^l^lsSplAsibwer' than the normal service rate but at the 
pr|^^m|jgjn!&-peimits the gas company to interrupt the 
^ll'l^MSe'ryice,;fduring times of greatest demand, such as 


arrangement for gas service when 
means .that the fuel is not dependable as 
; However, if the firing equipment of the 
ftgas-oil burner, oil can be used 
t periods of interrupted service to provide 
p t im u m .a i r a nge ment 

4 ^ 1S desirable that the fuel used be of a consistent 

' varying fuel quality can prevent optimum 

v ":.|‘i^^^dnomy due to decreased efficiency and increased 
L iAnaTritenance 

•• •" 

MHfi CLEANLINESS 

- c ^ a hliness is inherent in oil- and gas-fired 
there is an increasing demand by 
|^^§}gyprnment agencies and private industry for 
^^^^^^^pacl^aged boiler's As a result over the past 
>. |||||||| XS a I?.^ ie l e has been a concentrated effort on the 
»|pl| Pi >^ e foal-fired boiler and firing equipment 
approach the cleanliness of the oil- and 
^Lg a ^-flre.d'equipment 

U "•ECONOMY 

^feiativepconomy of various fuels does not depend 
value of the fuel itself as much as on 
^p^! ions attending its use.. The final cost of 
^gg|0^-hot-water which determines the most eco- 
depends on (1) charges for operation 


Coaditioainsr Company 


and maintenance, (2) cost of fuel, (3) charges for han¬ 
dling fuel, (4) cost of operation and maintenance of 
auxiliary equipment and (5) fixed charges for stand¬ 
by capacity. Item 1 is common to all fuels; items 2 to 
5 vary with each fuel.. 

The average cost of burning coal in this country 
exclusive of fixed charges is about 5% of its cost; for 
fuel oil approximately 1.5% of the equivalent coal 
cost, and for natural gas 0 5%.. 

Storage and handling problems assume greater 
proportions with the solid fuels.. They are essentially 
nonexistent with gas and are easily handled with oil. 
While a somewhat higher initial investment may be 
required for a coal-fired unit than for a gas- or oil- 
fired unit, other factors tend to have a balancing 
influence on a long term basis. In many areas coal 
offers a lower cost per Btu than other fuels delivered 
to the plant. 

The advantages of fuel oil over coal are these: 

1 Weight 30% less and space occupied 50% less 
than coal of equivalent heat content.. 

2. Freedom from spontaneous combustion. 

3 Storage may be distant from furnace. 

4 Fuel immediately available, stored or removed 
with practically no labor. 

5 High combustion rates per cubic foot of com¬ 
bustion space.. 

6. Great flexibility in furnace to carry peak and 
valley loads readily and economically. 

7 Low labor cost to handle oil at the furnace and 
to clean boiler tubes 

8 No labor for cleaning fires or removing ashes.. 

9 High efficiency and relatively no smoke. 

10. Absence of wear on machinery due to ash and 
dust.. 

11 Low pressure drop thru the furnace. 

12 Minimum of excess air required for complete 
combustion 

The advantages of gas over coal are these: 

1 Burned in furnaces where the supply can be 
varied almost instantaneously between wide 
limits by manual or automatic control.. 

2 Complete combustion obtained with low excess 
air; flue losses low and operation smokeless. 

3 Furnace can be maintained with an oxidizing 
or reducing atmosphere with ease and little 
reduction in efficiency. 

4. No storage facilities needed on the premises of 
the customer 
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OPERATING REQUIREMENTS 

With most coal and some gas boilers, when a fuel 
is burned continuously at a rate to match the load, 
the maximum load rarely occurs. For this reason 
poor efficiency can be tolerated at full load if the 
bulk of operation occurs at good efficiency Converse¬ 
ly, boilers with intermittent oil or gas burners op¬ 
erating at maximum load at all times during the on 
cycle, should be selected for good efficiency at this 
load.. 

CONTROLS 

Controls are a consideration in the choice of a 
fuel. For equivalent control, coal-fired boiler control 
is more complicated and expensive than that for oil 
or gas Similarly, control for oil is more complex and 
costly than that for gas. 

BOILER SELECTION 

Factors which exert the greatest influence on the 
selection of boilers are fuel characteristics, capacity 
and steam conditions, space conditions, cost and 
individual preference. 

FUEL CHARACTERISTICS 

Prior to a preliminary selection of equipment, 
complete information should be available concern¬ 
ing fuels on which boiler types and predicted per¬ 
formance are based Numbers 5 and 6 fuel oil re¬ 
quire preheating equipment before the boiler It is 
also desirable to determine a secondary fuel supply 
for emergency use when the primary fuel supply is 
interrupted or when changes in price make the sec¬ 
ondary fuel more economical 

Where possible, equipment selection should be 
such that secondary fuel performance is equivalent 
to that of the primary fuel However, if any interrup¬ 
tion in primary fuel supply is only temporary and if 
the price differential between primary and secondary 
fuels is fairly stable, it may be more economical to 
design for maximum efficiency with the primary fuel 
and to accept some compromise in performance and 
maintenance costs with the secondary fuel Packaged 
boilers are currently offered for gas firing with oil 
standby. They operate with equal efficiency on oil 
or' gas. 

CAPACITY AND STEAM CONDITIONS 

Capacity is one of the most important factors in 
determining the type of unit to be selected There is 
a partial correlation between steam conditions and 
capacity Maximum pressures and temperatures sel¬ 
dom prove economical except in the higher capacity 


ranges Limitations imposed by steam pressure and 
temperature are predominantly structural They 
affect the weight of steel required, hence the cost; 
temperature affects the space required by the super¬ 
heater and adaptability of the boiler to provide that 
space 

SPACE CONDITIONS 

In an existing building both shape and volume of 
the space available have a marked effect on the capac¬ 
ity of the unit to be installed, type of firing, and 
possibly the range of fuels which can be fired at a 
given capacity.. 

COST 

Caution should be exercised in the degree to which 
first cost is allowed to influence the equipment 
selected A complete economic study should be made 
by considering the load factor of the installation, the 
cost of fuel, and the efficiency of the installation as a 
whole rather than the boiler equipment alone. 

A small plant with an ample supply of low priced 
fuel and a seasonal load of a few months each year 
can justify a standard boiler and natural draft How¬ 
ever, a plant with a load factor approaching 100% 
using a high priced fuel can readily justify an effi¬ 
cient fuel burning system, high steam pressure and 
temperature, and induced draft fans. The cost of the 
fuel burned during the life of such a unit may be 
many times the initial investment. Even a small ad¬ 
vantage in reliability, efficiency or flexibility gives 
economic justification for the relatively small addi¬ 
tional first cost necessary to provide the better unit. 

INDIVIDUAL PREFERENCE 

Individual preference should be considered if the 
plant personnel is familiar with the operation of a 
given type of equipment, or if the plant is designed 
for specific equipment and is unsuitable for other 
equipment without expensive changes However the 
improvements in design and the higher efficiency or 
capacity that may be obtained within the same space 
at reduced cost for labor and maintenance should 
not be overlooked 

LAYOUT 

Considerations in the layout of a boiler 1 installa¬ 
tion are location, vent or chimney, air supply and 
water treatment 

Most boiler manufacturers publish information 
relating to the specific details of their boilers and the 
requirements of auxiliary equipment used in connec¬ 
tion with boiler plant design. 
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| LOCATION 

Boilers should be located at a central point with 
'respect to the heat transfer equipment it serves and 
|n a space provided with maximum natural light. 
” 'For example, a gas fired boiler with mechanical draft 
'located in a roof penthouse with the central station 
air conditioning equipment may prove economically 
. . attractive. The greater part of the piping normally 
./i frequiied is that needed to supply gas to the boiler 
"interconnect the boiler and air conditioning 
. equipment. Minimum gas pressure requirements at 
■ tfhe"boiler should be checked and compared with the 
'". available pressure Oversized gas trains at the boiler 
, dimay be used to reduce gas pressure requirements, 
a small vent is needed to car ry flue gas fr om the 
to the outdoors. 

adequately strong and level floor is required 
:;|U^or3he location of a packaged boiler If the floor is 
>.-A--'->not'level, a concrete pad should be constructed This 
IJ^gl^Eqgprovides inspection accessibility to the piping 
||.|§5f?^neath the boiler, and added height for washing 
H^||dOwnThe area beneath the boiler , A boiler should 
tf^t be installed on combustible floors unless so ap 

I ovedMsOlation of the boiler may be necessary in 
yysound ambient areas. 

I^ere should be adequate clearances around the 
derJ°r_access and service. Manufacturers should 
g|;||^||e ; .copsulted for recommended clearances. The space 


| tu bes Space should be allowed on at least one side of 
conven * enc e of erection and for acces- 
" f., the various dampers, cleanouts and acces- 

1 | sories. Space at the rear of the boiler should be ample 
iifiiililillf^-^imney connection and cleanouts. A 

boiIer loom floor for fuel and 
is recommended for optimum 
ance.. Boiler room height should be 
the .location of boiler accessories and 
piping.. Room height varies 


^^|gg|||||§ n d .size of boiler. 
i^ j^^g^l^ nijh^ader size and location. 

size and location. 

2Sf5^^i^S_& d ^. nsUrailce code requirements 

boilers are installed in boiler rooms 
flBiS^Ujife^ £ected from the elements, such hous- 
^P|^!S^ ntireI y essentl "al to their operation when 
jS"^w eS P ecial ?y for permanent outdoor installation 
|p|OT|r^he vital working parts, a special housing 
house is available or is included in the 
Site de providing the required protection, this 


mm 





Fig.. 68 — Boiler for Ouidoor Installation 

housing provides access to working parts Figure 68 
shows a packaged boiler for outdoor service., 

VENT OR CHIMNEY 

Natural stack draft is not required with mechani¬ 
cal draft packaged boilers. Only a small vent the size 
of the boiler vent outlet is needed to carry flue gases 
outdoors. On multiple boiler installations when 
building conditions permit, the simplest and most 
efficient method of venting the flue gas is the use of 
individual stacks To minimize steel breeching and 
stack condensation, insulation is used to lower heat 
losses 

Stack heights in excess of 150 feet or extremely 
large breeching and stack combinations may cause 
excessive draft. A barometric damper located close 
to the stack in the breeching should be considered 
only after serious burner adjustment problems. 

Considerations relating to a chimney for a natural 
draft boiler are these: 

1 Recirculation effect decreases with chimney 
height and an increase in flue gas velocity 

2 T wo or more chimneys (large or small) should 
be used separately, never connected.. 

3. Excessive height in a chimney does no harm 
but means are necessary for controlling the 
induced draft.. 

AIR SUPPLY 

All rooms or spaces containing boilers should be 
provided with a constant supply of combustion (and 
ventilation) air at adequate static pressure to insure 
proper combustion in the fuel burners.. The impor¬ 
tance of providing proper combustion air should not 
be underestimated and a failure to do so may result 


AAF 0 -? 1 ditSoaiasf Company 
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in erratic oi even dangerous operating conditions 
for the equipment Rules for providing air supply 
openings axe found in technical standards, in state 
and municipal building codes, and in service and 
installation bulletins published by manufacturers of 
fuel burning equipment.. 'f 

Approximately 1 cfm of combustion air per 4200 
Btu/hr boiler gross output and 1 cfm of ventilation 
air per 17,000 Btu/hr boiler gross output should be 
provided for the boiler room for oil- or gas-fired 
boilers for altitudes up to 1000 feet At higher eleva¬ 
tions three percent more air per each 1000 feet should 
be provided if the boiler rating is not reduced 


WATER TREATMENT 

If the boiler water is scale- or sediment-forming 
or corrosive, measures should be taken to correct this 
condition Consult a water treatment specialist and 
make necessary piping arrangements to provide such 
treatment Refer to Part .5 

Bottom blowdown helps remove impurities.. A con¬ 
tinuous blowoff system should be considered when¬ 
ever the percentage of raw make-up water is 50% or 
more or when the raw water contains a high amount 
of impurities 
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CHAPTER 4. MISCELLANEOUS DRIVES 


^rThischapter presents piactical infoimation to 
•fguide the engineer in the application and layout of 
steam' and gas turbines and gas and diesel engines 
used With air conditioning systems 
V?-:Xhese drives may replace electric motor drives 
■fSyhernthfcre is a lack of electric power or when there 
.; 'ds;im Economic advantage. Gas may be used where 
J-v^nfility companies offer favorable rates for off-season 
p ^sefs'. -Steam may be available as waste from a high- 
;i:§pfessure source 

^Il^teainj-ttirbmes are used foi driving refiigeiation 
V : Nsniachihes(centrifugal or reciprocating), fans and 
^.^jpumps. Gas turbines, gas engines and diesel engines 
||®fSpptMyvUsed only for driving refrigeration ma- 


APPLICATION 


A steam turbine may be operated as a condensing 
or noncondensing (back pressure) turbine., When 
steam is not otherwise required for process heating 
or other application, a condensing turbine drive 
produces power for the least amount of steam.. All 
the steam used is chargeable to power costs. When 
steam is required for other applications, a noncon¬ 
densing turbine provides power at the lowest cost 
because the exhaust steam from the turbine can be 
used for other applications 

Condensing Turbine 

Condensing turbine drives may be used with either 
high or low pressure steam This turbine is higher in 
first cost than a noncondensing unit because of the 
additional condensing equipment required. 

High pressure condensing turbines are used to 
produce power with a minimum amount of steam 
when the exhaust steam cannot be utilized or to 
secure a maximum amount of power with limited 
boiler capacity. 

Low pressure condensing turbines utilize exhaust 
steam from existing equipment, producing power 
from steam that would otherwise be wasted. They 


pl^^^elni'lhrbine'drive is usually chosen to improvi 
where exhaust or high pressure stearr 
Centrifugal refrigeration ma 
fe^e^3||hhi^is fitted into a heat balance, oper 
ll^^^^^geshaiLbe obtained 


fejia ri d hi til ti -s tage 

; *v-, ■ 


iyes'are available as 


‘Single Stage'Turbine 

turbine steam expands from the 
^haust pressure in one nozzle or 
working at the same pressure), 
is. absorbed in one or more rows of 
i^reyplying-Blades.T • - 


jS^ge(furbine' ; :• . A 

r?Vfin'.a>muIti-r‘ ' • 
/^||T|hgrnitial to the exhaust 
^twq'pr, more 
Wthjegislo; 
r|^]|9es which abshfb the 
^^mpj-steam turbine is shown 


•stage turbine the expansion of steam 

- r t pressur e is divided into 

d;ops thru a series of sets of nozzles 
one or two rows of revolving 
: bireigy of each pressure drop., 
-— ,.u in Fig.. 69 


Uoiirtesy ipt fElljottSCoj 


Jig 69 — Typical Sieam T urbine 
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are often utilized in summer when available exhaust 
steam cannot be used for heating.. 

Noncondensing Turbine 

Noncondensing turbine drives are particularly 
economical when the demand for process or heating 
steam is sufficient to utilize all of the turbine exhaust 
steam.. Under such circumstances the turbine acts as 
a reducing valve and produces power at a very low 
cost It is also used when very low cost steam is avail¬ 
able and the exhaust from the turbine is wasted or 
when no condensing water is available 

STANDARDS AND CODES 

Steam turbine application and installation should 
conform to all codes, laws and regulations applying 
at the job site. 

TURBINE SELECTION 

The system requirements influencing the selection 
of a steam turbine drive are type of driven equip¬ 
ment, governor, maximum horsepower and rpm, 
available turbine inlet steam pressure, superheat and 
design tur bine exhaust pressur e When these require¬ 
ments are known, the selection of a steam turbine 
drive usually involves the choice of the most inex¬ 
pensive combination of frame size and stages with an 
acceptable steam rate 

The selection of a turbine having a horsepower 
rating 5% greater than the design horsepower re¬ 
quired for the refriger ation machine is recommended 
for comfort cooling applications A minimum 10% 
safety factor is recommended for industrial refriger¬ 
ation applications at air conditioning temperature 


levels. These recommendations are based on a mini¬ 
mum scale factor of 0005 for both the cooler and 
condenser.. 

Multi-stage turbines are more efficient than single 
stage turbines and more expensive. However, for- the 
same operating conditions the exhaust steam is of 
lower quality.. Tor certain applications a lower 
quality exhaust steam may be undesirable., 

STEAM RATE 

An approximate turbine steam rate may be deter¬ 
mined from this formula: 

Approximate steam consumption (Ib/hp/hr) 

_ theoretical steam rate (Ib/hp/hr) 
approx over-all efficiency 

Theoretical steam rates and approximate over-all 
efficiencies may be obtained from 7 able 11 and 
Chart 3 respectively . Actual turbine efficiencies and 
steam rates should be obtained from the turbine 
manufacturer. 

CONDENSER 

A condenser is required to condense the exhaust 
steam from a condensing turbine, A shell-and-tube 
type is used with the steam condensed in the shell 
and condenser water from the refrigeration machine 
pumped thru the tubes 

Water required for condensing should be piped 
first thru the refrigeration condenser and then in 
series thru the steam condenser, This arrangement 
results in minimum piping, power requirements and 
steam consumption. A higher fouling factor than 
that used in the selection of the refrigeration ma¬ 
chine condenser is recommended when selecting the 
steam condenser because the higher condensing tem¬ 
perature causes greater fouling 


CHART 3 — APPROXIMATE OVER-ALL EFFICIENCIES OF STEAM TURBINES 
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TABLE 11 — TURBINE THEORETICAL STEAM RATE (Ib/hp/hr) 


2544.1 

Theoretical steam rate (Ib/hp/hr) — ^ 3“^ 


where: 

hi = enthalpy of initial steam (Btu/lb) 

h 2 = enthalpy of exhaust steam at the entropy of the initial steam (Btu/lb) 
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Pig. 70 — Recommended Steam and Exhausi Piping 
Arrangemeni 

The condenser water rise in the steam condenser 
may be determined from this formula: 

_. Btu/hi 

RlSC ~ 500 X gpm 

where; 

Btu/hr = turbine steam rate (lb/bhp/hr) 

X centrifugal bhp X 950 
gpm = condenser water flow 

PIPING DESIGN 

No part of the turbine installation is more im¬ 
portant for successful operation than well-designed, 
installed piping, 

Steam Piping 

There are two objectives for good piping: 

1.. Prevent the heated piping from imposing 
strains on the turbine casing, thus affecting 
alignment. 

2.. Connect and drain the turbine inlet and ex¬ 
haust lines so that dry steam is furnished to the 
turbine and water accumulation in these lines 
is prevented 

A shutoff valve is recommended in the steam line 
(preferably at a convenient accessible location in the 
turbine room) between the steam header and the 
turbine inlet to allow service on the turbine without 
shutting down the boiler. 


The turbine casing must be protected from piping 
weight or expansion strains Piping weight should 
be carried separately by suitable supports. Expan¬ 
sion joints or bends should be provided adjacent to 
the turbine connections Connections between piping 
and turbine should be made without forcing the pipe 
line in any direction in order to make a satisfactory 
joint, figure 70 illustrates the recommended steam 
and exhaust piping arrangement. 

A receiver type separator with ample drains should 
be provided ahead of the shutoff valve in the steam 
supply to prevent slugs of water from damaging the 
turbine When a separator is not provided, a blow- 
off valve or continuous drain should be connected to 
the lowest point of the steam inlet piping. It is im¬ 
perative that feed water treatment and boiler opera¬ 
tion be carefully controlled to insure a supply of 
clean steam at all times.. 

Piping must be designed in accordance with the 
turbine-exhaust hand selected, figure 71 shows the 
available hand for single and multi-stage turbines. 

Miscellaneous Piping 

Properly planned miscellaneous piping gives a 
workmanlike appearance to an installation. Drain 
lines should be grouped and brought to a common 
drain arrangement. All open drain connections 
should be brought into a common closed collector 
box with a glass window for visual checking by the 
operator, Water cooling connections should be con¬ 
nected to a water supply at a maximum of 85 E„ 
figure 72 shows the miscellaneous piping connec¬ 
tions to a typical single stage turbine.. 

INSULATION 

All heated surfaces of steam turbines such as cas¬ 
ings and chests, connections, flanges and valves 
should be insulated to prevent heat loss and con¬ 
densation in the turbine Wet steam results in power 
losses, unnecessary wear, and possible damage to the 
turbine To protect the insulation, metal lagging is 
fitted closely over the surfaces of the insulation.. 
Insulation and jacketing can normally be provided 
by the turbine manufacturer.. 

CONTROLS 

The function of the controls is to adjust the horse¬ 
power output of the drive to the horsepower require¬ 
ment of the load. The speed of the turbine must also 
be controlled either at a constant speed or variable 
speed depending on the load requirements. 
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Fig. 71 — Turbine Exhausi Hand and Rotation 


Fig. 72— Miscellaneous Piping Conneciions, Typical Single Stage Turbine 


t governor 

];- A s P eed governor must be employed to maintain 
r; : £l t ary . t ^ 1£ s P eed They are of two basic types, 
ppdranical (fly-ball) or hydraulic (oil pump). This 
•3c aSS1 cat * on indicates the type of speed sensitive ele¬ 
gant. Each may be either direct-acting or controlled 
re ay to indicate the means of speed control. 


m Air CaadStianSag Company 


The turbine manufacturer should recommend the 
type of governor for specific conditions. In general, 
a direct acting hydraulic governor is used for a con¬ 
stant or variable speed drive.. However, above approx¬ 
imately a 5-inch governor valve size or for speeds in 
excess of 7000 rpm, an oil relay hydraulic governor 
is used. 
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A 35% speed reduction from design rpm covers 
the capacity range of a centrifugal refrigeration 
machine. A smaller reduction is no particular ad¬ 
vantage Maximum speed of the turbine must not 
exceed the compressor nominal speed by mor e than 
15%.. 

GAS TURBINE DRIVE 

APPLICATION 

A gas turbine drive may be used to power a centrif¬ 
ugal refr igeration machine, and/or the exhaust from 
the gas turbine can be used to make steam in a waste 
heat boiler to operate an absorption machine or a 
steam-driven centrifugal machine.. 

Gas turbines are usually available in the large 
horsepower sizes used by centrifugal refrigeration 
equipment rather than the smaller sizes required by 
reciprocating equipment.. 

DESCRIPTION 

The gas turbine cycle (Fig 73) consists of a com¬ 
pressor section where ambient air is compressed to 
approximately 60 psia at about 350 F, This com¬ 
pressed air passes into the combustion chamber 
where it is heated to 1350-1500 F by burning fuel 
directly in the air stream From the combustion sec¬ 
tion the air and combustion products flow into the 
expansion turbine section where they expand to 
atmospheric pressure. The energy extracted from 
the gas stream in the expansion process is used to 
drive the compressor and produce the power for the 
output shaft. 

A split-shaft arrangement is usually used for refrig¬ 
eration compressor drives. This arrangement divides 
the expansion turbine into two sections. The first 
section or high pressur e tur bine expands the gas to 
an intermediate pressure and drives the air com- 




Fig 74 — Gas Engine Driven Reciprocating 
Water Chilier 


pressor; the second section or low pressure turbine 
drives the power output shaft 

STARTING 

The gas turbine may be started by an electric 
motor, air turbine, steam turbine or gasoline engine 
depending on the means available. The starter is 
normally disconnected after the turbine is operating. 

AIR INTAKE 

Provision must be made to supply combustion air 
to the gas turbine: This amount approximates 15 
cfm/bhp. The air should be filtered before entering 
the compressor.. 

LUBRICATION 

Lubrication is generally supplied by a pump 
driven fr om the main dr ive shaft dur ing normal run¬ 
ning During star tup or shutdown lubrication is sup¬ 
plied by a motor-driven auxiliary pump, 

GOVERNOR 

A hydraulic governor is usually used to position 
the fuel control valve to maintain speed as the load 
changes. 

SAFETY CONTROLS 

Safety controls are provided to shut down the unit 
for the following causes: 

1. Low oil pressure 
2 Overspeeding of the unit 

3. Low fuel pressure 

4, High bearing temperature 
5 Loss of flame 


Fig. 73 — Split-Shaft Gas Turbine Cycle 










Fig.. 75 — Gas Engine Driven Centrifugal Refrigeration Machine 


;,GAS ENGINE DRIVE 

^APPLICATION 

engine drive may be used when gas is avail- 
mM a COSt ^ich provides a saving in owning and 
. costs. Gas engines aie used to provide 
power to drive reciprocating (Fig 74) or centrifugal 
mac bines (F*S- 75) and may also indi- 
steam to operate an absorption refrig- 
g^Hg^achine by using the heat rejected from the 
system and exhaust system 

and codes 

pfef ngines should be installed to conform to all 
^.standards and regulations concerning internal 
ustion engines. 

ISection 

-, ;.Gas engines used for driving refrigeration equip- 
|P;? h °uld be selected for continuous duty service, 
at ^ t ^ at Un ^ s ^ ou ^ be selected to oper- 

Irh & ~‘P'° °* ^ ie rnax * mura corrected horsepower 
t& S ' * a COrn P ressor acquires 100 bhp, the gas 
&.J^ C 1S se * ecte d for 100/ .80 or 125 maximum rated 


F Air Con di fa 'onlay Comply 


horsepower The reduced output and lower speeds 
are a major consideration in attaining a longer 
engine life 

ATMOSPHERIC CORRECTIONS 

The maximum rated horsepower of a gas engine 
is given for an air temperature of 60 F and an air 
pressure of 29 92 in Hg (sea level average) 

Deduct 1% from the maximum rated horsepower 
for every 10 degree increase in ambient temperature 
above 60 F For every 1000 feet in elevation above 
sea level, deduct 3% from the maximum rated horse¬ 
power 

HEAT REJECTION 

The heat rejection of a gas engine to the water 
jacket circuit is approximately 50-60 Btu/hp/min 
This represents about 30% of the input to the engine. 
Another 30% of the input is given up to the exhaust 
system, and about 10% is given up as radiation 
losses 

COOLING SYSTEMS 

Any type of cooling system must meet the follow- 


f 
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Pig. 76 — Fan and Radiator Cooling , Fig, 77 — Shell-and-Tube Cooling 


ing requirements for satisfactory engine operation: 

L Ample flow of water " , 

2 Minimum temperature differential between in¬ 
let and outlet., 

3, Jacket temperature high enough to prevent 
condensation inside the case 

4.. Jacket temperature low enough to prevent 
steam formation 

5. Soft water to prevent scale formation 

6. Clean water to prevent clogging of the engine 
jacket passages 

7.. Positive pressure on the entire system to pr event 
entry of air 

Fan and Radiator 

This system depends on cooling the engine jacket 
water by an engine-driven fan creating a flow of air 
over' a finned tube radiator to dissipate the heat to 
the atmosphere (Pig 76).. 

The advantage of this system is that it is self-con¬ 
tained, and does not depend on external water 
sources. 

Ductwork must be provided for discharge of the 
hot air and openings provided for the entry of cool 
air An extra 10-30 hp must be supplied by the engine 
to power the fan The jacket water is pumped to the 
radiator by a pump driven by the engine. 

Sheli-and-Tube Heat Exchanger 

This system uses a heat exchanger to cool the 
jacket water with a separate water source which may 
be wasted or cooled in a cooling tower- (Pig 77). 
When the engine is applied to a refrigeration ma¬ 
chine, the same water used for condensing the refrig¬ 


erant can be used to cool the jacket water., The con¬ 
denser and heat exchanger are generally connected 
in parallel. 

The water temperature range for jacket cooling is 
recommended to be 10 to 12 degrees with an inlet 
temperature of approximately 180 F., 

Another method of jacket cooling is called ebulli¬ 
tion cooling which is actually a boiling of the jacket 
water (Pig.. 78). The jacket is kept completely filled 
with water which circulates because of differences 
in temperature The jacket water temperatures are 
in the boiling range. The concept of this cooling is 



Fig. 78 — Ebullient Cooling System 












